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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Vegetative buffer strips (VBS) have been identified as one of the off-site best 
management practices to reduce runoff of herbicides to the surface water (Arora et 
al., 1996; Fawcett, 1998). VBS are strips of planted or native grasses located on 
slopes of cropped areas or between a potential contaminant source area and a 
surface water body that receives runoff (Leeds et al., 1993). The VBS retain 
contaminants (pesticides, nutrients or sediments) from runoff by sediment 
deposition, interception-adsorption, and/or infiltration (Mickelson and Baker, 1993; 
Arora et. al., 1996). The ability of the VBS to remove sediment and nitrate has been 
well documented. However, little is known about the ability of VBS to degrade 
herbicide. The fate and transport of herbicide after entering the VBS also has 
received little attention. Our research was an effort to determine the role of VBS in 
herbicide degradation and to monitor the fate of herbicides after entering the VBS 
using a laboratory (column) study and a model simulation using the Root Zone 
Water Quality Model (RZWQM). The objectives of our studies were to (i) to 
detemnine the relative persistence and fate of atrazine in grass-hedge VBS soil 
under big bluestem {Andropogon gerardi), switchgrass {Panicum virgatum L.), and 
eastern gamagrass {Tripsacum dactyloides L.), compared to adjacent cropped soil; 
(ii) to detemnine the differences in sorption of atrazine in the grass-hedge VBS soil 
and the thatch; (iii) to determine the influence of the age of Riparian Buffer Strips 
(RBS) grasses on atrazine movement; (iv) to determine the fate of atrazine after 
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infiltration into RBS; and (v) to predict the fate and transport of atrazine in VBS 
using the RZWQM. Infomnation from this study will be useful in remediating the 
herbicide loss problem from the agricultural area to surface water bodies. 
Dissertation Organization 
This dissertation is organized into six different chapters. The first chapter 
includes an introduction to the research and explanation of the organization of the 
dissertation. The second chapter is the literature review for the dissertation. 
Chapter 3,4, and 5 are manuscripts prepared for publication. The third chapter 
presents the manuscript entitled "Degradation and Sorption of Atrazine within 
Vegetative Buffer Strips ". This manuscript is prepared for publication in the Journal 
of Environmental Quality. The fourth chapter contains the manuscript entitled 
Transport and Fate of Atrazine in Soil from Riparian Buffer Strips". This manuscript 
is prepared for publication in the Journal of Environmental Quality. The fifth chapter 
entitled "Prediction of Atrazine Fate in Riparian Buffer Strips Soils Using the Root 
Zone Water Quality Model". This manuscript is prepared for publication in the 
Transactions of the American Society of Agricultural Engineering. The final chapter, 
the sixth, summarizes the general conclusions of the research. 
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CHAPTER 2. LITERATURE REVIEW 
Vegetative Buffer Strips 
Vegetative buffer strips (VBS) have been identified as one of the off-site best 
management practices to reduce runoff transport of herbicides to the surface water 
(Arora et al., 1996; Fawcett, 1998). VBS are strips of planted or native grasses 
located on slopes of cropped areas or between a potential contaminant source area 
and a surface water body that receives runoff (Leeds et al., 1993). VBS include 
vegetative filter strips, filter strips, buffer strips, grass-hedge and grass strips. 
Grass-hedge VBS are narrow strips of stiff-stemmed grasses planted on elevation 
contours at regular intervals within fields to intercept runoff (Dewald et al., 1996). 
The VBS remove contaminants (pesticides, nutrients or sediments) from runoff by 
sediment deposition, interception-adsorption, and/or infiltration (Mickelson and 
Baker, 1993; Arora et. al., 1996). Barfield et al. (1998) stated that VBS also have 
the ability to store chemicals in soil water for subsequent biological and chemical 
transformation, or uptake between runoff events. 
Several researchers have demonstrated the ability of VBS to trap the 
sediments. In 1987, Cooper et al. found a riparian area in coastal plain watershed 
trapped about 84 to 90% of sediment losses with runoff from the cultivated land. 
Suspended solids from sugar beet wastes were reduced by 99% when they were 
passed over a grass filter field before disposal (Porges and Hopkins, 1955). Soil 
losses in runoff from bermudagrass- {Cynodon dactylon L.) and behiagrass-
(Paspalum notatum Flugge var. suarae Parodi) covered plots were 3.5 times less 
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than bare plots (Wauchope et al., 1990). Research by Young et al. (1980) showed 
cropped buffer strips reduced total solids from the feedlot runoff by 79%. 
The effect of VBS lengths on the sediment removal also have received attention. 
Dillaha et al. (1989) reported that 9.1 and 4.6 m vegetative filter strips (VFS) 
removed 84 and 70% of the incoming uniform flow sediments, respectively. 
Mickelson and Baker (1993) investigated the effect of VBS length on the removal of 
sediment. The results showed 4.6 and 9.1 m VBS trapped sediment from the inflow 
by 72 and 76%, respectively, suggesting there was no significantly additional 
reduction in sediment by increasing the length of VBS. In contrast, Magette et al. 
(1989) found a longer VFS (9.2 m) had 50% less sediment in runoff than a shorter 
VBS (4.2 m), suggesting VFS sediment removal efficiency decreased with length. 
VBS are able to remove nutrients from runoff (Table 1). However, some 
research showed that the ability of VBS in reducing or removing nutrients was 
inconsistent. Young et al. (1980) found that NO3-N concentrations in runoff after 
passage through VBS were increased because some NO3-N was released from 
VBS grasses. Chaubey et al. (1994) and Lim et al. (1997) found that NO3-N was 
not significantly removed by VFS. 
Performance of VBS is dependent strongly on the type of contaminants 
(Schmitt et al., 1999). Some researchers found that the performance of VBS 
decreased after repeated runoff events (Dillaha et al.. 1989; Magette et al., 1989). 
VBS have been shown to retain sediment in runoff greater than soluble nutrients 
and heriaicides (Arora et al., 1996; Asmussen et al., 1977; Dillaha et al., 1989; 
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Table 1. Summary of N and P reduction by VBS. 
References N reduction P reduction 
% 
Young et al. (1980) 84 83 
Shisleretal.(1987) 89 80 
Magetteetal. (1989) 0-27 0-16 
Dillahaetal.(1989) 54-73 61-79 
Kuenzler(1989) 22-89 NA 
Madison et al. (1992) 90 90 
Patty et al. (1997) 47-100 22-89 
Mickelson and Baker, 1993; Schmitt et al., 1999). Schmitt et al. (1999) determined 
filter strip performance and processes for different vegetatksn, widths, and 
contaminants. They concluded, under the conditions of their experiment, that the 
ability of filter strips to trap contaminants was greatest for sediment in runoff, 
followed in decreasing order by partially dissolved and partially sediment-bound 
contaminants (total P, permethrin, [(3-phenoxyphenyl) methyl (±)-cis, trans-3-(2.2-
dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate]) and sediment-bound P. 
Fate and Transport of Atrazine within VBS 
Atrazine (6-chloro-/V-ethyl-/V- (1-methylethyl)-1,3.5-triazine-2,4-diamine) 
(Figure 1), a preemergence herbicide, has been extensively used in the Midwest 
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USA for controlling weeds in com (Zea mays L) and other crops. Estimated used 
in the USA in 1991 was 34 to 41 million kg were used in the USA (U.S. EPA, 1991). 
Atrazine can be transformed Into several metabolites including deisopropylatrazine 
(DIA) (2-chloro-4-ethylamino-6-amino-1,3,5-trlazine), deethylatrazine (DEA) (2-
chloro-4-amino-6-isopropylamino-1,3,5-triazine) and hydroxyatrazine (HA) (2-
hydroxy-4-ethylamino-6-isopropylamino-1,3,5-triazine) (Muir and Baker, 1978) 
(Figure 1). Physicochemical and biological properties of atrazine are shown in 
Table 2. 
Two major processes that influence the amount of atrazine available for 
atrazine transport through the soil profile are sorption and degradation (Koskinen 
and Clay, 1997). There is very limited information on the sorption, degradation and 
transport of atrazine within VBS. The following review is based on research that 
investigated the behavior (sorption and degradation) of atrazine in various kinds of 
soil. 
Sorption of Atrazine to Soil and Thatch 
Adsorption is defined as "any change in concentration at an interphase which 
is different from the bulk of the phase (solution, gas, solid)" (Weber, 1991). 
The distribution of pesticide between soil or organic matter and water can be 
described by sorption partition coefficients (Kd, Koc)- Values of Kd are detemnlned by 
a batch equilibrium assay, and Koc values are obtained by normalizing Kd values by 
organic carioon content of the soil. 
CHgCHNH 
OH 
(Ih, 
NHCH2CH3 CH3CHNH 
Atrazine 
 ^ NHCH2CH3 CH3CHNH  ^1 I 
Hydroxyatrazine (HA) ^ Deethylatrazine (DEA) 
Oeethyl-deisopropylatrazine (DEDIA) 
NHCH2CH3 
Deisopropylatrazine (DIA) 
Figure 1. Structures off atrazine and metalK>lites. 
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Table 2. Physicochemical and biological properties of atraiine ({Montgomery, 
J.H., 1993). 
Properties 
Class 
Mode of Action 
Chemical Name 
Empirical Formula 
Molecular Weight (g) 
Water Solubility (mg L'^  at 27°C) 
Vapor Pressure (mm Hg at 20°C) 
Kh at 25°C (atm m^ mol"^) 
Koc 
Half-life (days) 
Atrazine 
Triazine 
Inhibit plant photosynthesis 
6-chloro-N-ethyl-N-isopropyl-1,3,5-
triazine-2,4-diamine 
C8H12CIN5 
215.7 
33 
3.0X10'^  
3.04 X 10® 
100 
60 
9 
Sorption equilibrium expression is commonly expressed in the Freundlich 
equation: Cs = KdCeq '^" 
where: Cs = sorbed chemical, g'^  sorbate 
Ceq = equilibrium solution concentration, lag g'^  
Kd = sorption partition coefficient 
1/n = empirical constant 
If 1/n is equal to 1 the Freundlich equation becomes: Cs = K^Ceq, and the sorption 
isotherm becomes linear. 
Sorption ability of atrazine to soil can be influenced by several factors such 
as organic matter and organic carbon content. The availability for degradation and 
leaching of atrazine were reduced by the sorption of atrazine to clay minerals and 
organic matter (Francioso et al., 1992). Atrazine was found to sorb more in an 
allophanic soil with higher organic matter than non-allophanic soil with lower organic 
matter content (Baskaran et al., 1996). Seybold et al. (1994) discovered that the 
organic fraction is the most important constituent for adsorption of atrazine in a 
sandy soils of Wisconsin. Stevenson (1972) and Hassett and Banwart (1989) have 
shown that sorption of atrazine in soil depends increasingly on the clay content in 
soils with organic matter content <6%. Recently, Moomnan et al. (2000) 
investigated adsorption and desorption of atrazine in soil and subsurface sediments. 
They found that organic C mainly controlled the adsorption of atrazine. However, 
sorption of atrazine to subsurface and sediments were controlled by clay content 
and pH. In conclusion, the accumulation and decomposition of plant residues from 
perennial grasses within VBS can lead to greater organic C content in VBS soil. 
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which in turn, can result in greater sorption of pesticides to VBS soil which would 
lessen the potential leaching of atrazine. 
Grasses within VBS have roots, stems and thatch that can slow runoff flow, 
help to settle suspended sediment and prevent erosion within VBS (Schmitt et at., 
1999). Thatch is defined as "a tightly intemiingled layer of dead and living stems 
and roots that developed between the zone of green vegetation and the soil 
surface" (Beard, 1973). Thatch is composed of lignin from plant vascular fibers. 
Ledeboer and Skogley (1967) reported the organic matter content in thatch could 
exceed 50%. Lickfeldt and Branham (1995) stated that turfgrass leaves and thatch 
had larger sorption coefficients than soil organic carbon. Spieszalski et al. (1994) 
found thatch had a higher adsorptive capacity than the tested soil. Dell et al. (1994) 
reported that turfgrass thatch significantly increased the sorption capacity for 
fungicide (triadimefon and chloroneb) in the soil profile. Kentucky bluegrass thatch 
also was found to adsorb the preemergence herbicides benefin, bensulide, and 
•CPA greater than soil did (Hurto and Turgeon, 1979). Niemczyk et al. (1988) 
reported that more than 90% of isazofos, isofenphos, and ethoprop extractable 
residues remained in the thatch. However, there is a little information on the study 
of desorption from thatch. Overall, a strong sorption of herbicide to thatch can 
possibly decrease the potential of herbicide to be transported to ground or surface 
water. Types of grasses that can yield a high thatch can be considered to be one 
way of increasing the effectiveness of VBS. 
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Degradation of Atrazine 
Atrazine degradation occurred mainly by biological processes including N-
dealkylation, dechlorination, and ring cleavage. Biodegradation of atrazine is 
initiated by N-dealkylation of the ethyl or isopropyl side chains to produce DEA or 
DIA (Alvey and Crowley, 1996; Behki and Kahn, 1986). Hydrolysis of atrazine 
produces hydroxyatrazine (Armstrong et al., 1967). Research had also shown that 
biologically dechlorination of atrazine could occur (Mandelbaum et al., 1993). They 
reported that a mixed culture of bacteria rapidly transformed atrazine to 
hydroxyatrazine. Two Pseudomonas spp. were reported to be able to dechlorinate 
DEA and DIA (Behki and Khan, 1986). 
Atrazine-degrading microorganisms are responsible for biological 
degradation of atrazine in soil. These microorganisms have been isolated from 
atrazine-contaminated soil and from non-contaminated soil. Some of the atrazine 
degraders included Acinetobacter calcoaceticus and Pseudomonas alcaligenes 
associated with Agrobacterium sp., Pseudomonas putida, Xanthomonas 
maltophilia from agricultural soil (Mirgain et al., 1993); Pseudomonas sp., 
Clavibacter michiganese and Cytophaga sp. from a soil with atrazine application 
history (Alvey and Crowley, 1996); and Agrobacterium radiobacter J^4a from an 
atrazine-treated com field (Struthers et al., 1998). 
Degradation of Atrazine in VBS. 
The use of VBS to remove herbicides has received attention. In France, 
Patty et al. (1997) reported that grassed buffer strips improved surface water quality 
by reducing the volume of runoff, trapping sediment and limiting transport of 
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strongly adsorbed pesticides. Diflufenican was reduced by 97% and lindane by 72 
to 100%, while the relatively water-soluble pesticides, isoproturon and atrazine were 
reduced by 99% and 44 to 100%, respectively. Asmussen et al. (1977) reported 
that 2,4-D was reduced 72 and 69% within 24.4 m grassed watenA/ays under dry 
and wet initial conditions, respectively. The reduction of 2,4-D was from water loss 
due to infiltration, reduction in sediment transport and attachment-adsorption on 
vegetative and organic matter. Three years of study on herbicide transport in a 
managed riparian forest buffer system in Georgia showed that average field-edge 
concentrations of atrazine were reduced by over an order of magnitude (Lowrance 
et al., 1997). A study on trifluralin movement by Rhode et al. (1980) showed that 
89-96% of trifluralin was retained in VBS area consisting of bermudagrass and 
behiagrass. The reduction was due to adsorption on vegetation, organic matter, and 
soil. Mickelson and Baker (1993) found atrazine in runoff was reduced 32 and 55% 
by 4.6 and 9.1-m VBS lengths, respectively. In another runoff study, 6 m-wide oats 
strips were used at the edge of 22 m-long atrazine-treated comfields to receive a 
runoff from natural rainfall (Hall et al., 1983). The reduction of atrazine in runoff was 
91 and 65% by the oats strip at application rates of 2.1 and 4.5-kg ha'V They 
concluded that this reduction was due to infiltration into the VBS. Arora et al., 
(1996) reported that a bromegrass {Bromus inemis) (waterway retained herbicides 
(atrazine, metolachlor and cyanazine) at rates which ranged from 8 to 100%. The 
high range resulted from variability in amount of infiltration in different rainfall 
events. They suggested that retention of herbicide in the buffer strips was primarily 
due to infiltration. Recently. Mersie et al. (1999) investigated the effectiveness of 
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switchgrass buffer strips in removing dissolved atrazine and metolachlor from 
runoff. They found that switchgrass filter strips helped to remove the dissolved 
atrazine by slowing mnoff velocity and reducing the mass of dissolved atrazine by 
52% from the applied runon. Fawcett et al. (1995) averaged data from published in 
buffer strip studies (46 data points). They found buffer strips reduced herbicide in 
runoff by an average 48% with a range of herbicide removal of 9 to 91%. The 
herbicide removal could be overestimated because some studies had been done 
with small scale VBS. 
Leaching 
Leaching is defined as the transport of chemicals in the soil profile (Helling 
and Dragun, 1980). Leaching of an organic chemical in soil depends on water 
movement. Darcy's equation is used to explained the one-dimensional water 
movement: q = -K(o)6(|)/5z where q is the volumetric water flux (cm hr"^); Ko) is the 
hydraulic conductivity (cm hr'^ ) related to the volumetric water content (cm^ cm'^ ); 
and z is the soil depth (cm). Factors affecting leaching include water flow, soil 
characteristics, solute characteristics and other factors such as degradation rate 
and formulation of pesticides (Helling and Dragun, 1980). 
Leaching of pesticides through the soil profile occurs in two domains of flow: 
with the soil water in the soil matrix and water in the macropores. Convection in 
water moving through the soil is the primary mechanism transporting pesticides. As 
the pesticides move through soil pores they are exposed to interactions such as 
adsorption, degradation, volatilization and plant uptake (Yaron et al., 1985). 
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The movement of chemicals in soil can be greatly impacted by preferential 
flow. Preferential flow can facilitate the mobility of the chemical and lead to 
contamination of shallow groundwater (Kamau et al., 1996). Preferential flow 
describes water and solute moving rapidly through soil macropores. Macropores 
are large, continuous voids in soil (Golabi et al., 1995). Macropores can be formed 
by the soil fauna, by plant roots, by cracks and fissures, and by natural soil pipes 
(Beven and Germann, 1982). Grasses in VBS may increase preferential flow due to 
the effects of a perennial root system on soil macropore development and soil 
stnjcture. Perennial vegetation may increase soil infiltration by increasing soil 
aggregations, which result in lower bulk soil density and increased macropores. 
VBS could be analogous to the no-till system in the sense that the soil has 
received little disturbance. Zachman (1987) stated that macropores are common in 
no-till systems. Macropores in no-till are not disrupted by annual tillage and the 
earthworm activity is high due to favorable food sources, moisture, temperature, 
and surface residues in no-till. No-till soil also has high infiltration, which has been 
attributed to the presence of macropores (Edwards et al., 1988; Ehlers, 1975), 
which resulting in rapid leaching of solutes (Andreini and Steenhuis, 1990; Dalai, 
1989). Isensee et al. (1990) found that alachlor was detected shortly after its 
application in no-till soil as a result of preferential flow. Edwards et al. (1988) found 
that the runoff was 99% less in a long-temi no-till field compared to a conventionally 
tilled field. The decrease in the runoff amount was due to the development of soil 
macropores in the absence of tillage, which increased infiltration. A study by 
Bharati (1997) using six-year-old multi-species riparian buffer strips showed the 
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cumulative infiltration was higher in the multi-species riparian buffer strips than the 
adjacent pasture sites. 
Research had shown that VBS could reduce the volume of runoff and reduce 
the contaminants in runoff by infiltration. However, the rapid movement of 
chemicals by infiltration through macropores into the deeper soil profile within VBS 
can result in more persistence of the chemicals, since degradation and 
transformation rates of chemicals are slower at deeper depths (Alexander, 1977; 
Jaynes et al., 1995). 
Root Zone Water Quality Model 
An alternative to monitoring the fate of pesticides in the environment is 
simulation modeling. The advantages of modeling are that they are environmentally 
safe, more efficiency, faster, and more economical. 
Root Zone Water Quality Model (RZWQM) was developed by the scientists 
from USDA-ARS to response the need of scientists and action agencies working in 
the agriculture area (USDA-ARS, 1995). It is a one-dimensional model capable of 
simulating the fate and movement of water, nutrients and pesticides in the soil-
plant-atmosphere environment by integrating physical, chemical and biological 
processes in the root zone. It also can simulate the effects of agricultural 
management practices on movement of soil, water and solute that may cause 
surface and groundwater quality problems (Ahuja et al.. 1996). Descriptions of the 
model can be found in the RZWQM Technical and Manual Documentation (USDA-
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ARS; 1992 and 1995). A good brief review of the nfiodel also can be found in Ahuja 
et al. (1993), Singh et al. (1996) and Kumar et al. (1998). 
Numerous studies have been done to evaluate RZWQM performance in 
various aspects such as macropore transport, subsurface drain flow, and pesticide 
transport. Ahuja et al. (1993) used RZWQM to study macropore flow behavior, 
which is difficult to study experimentally. They concluded that RZWQM was a 
useful tool to examine macropore flow behavior and was also useful to characterize 
macropore flow in the field. In 1995, Ahuja et al. evaluated and refined the 
macropore flow and transport component of RZWQM against soil column data. 
They found that after the refinement and evaluation, RZWQM produced a generally 
good descriptions of the experimental data. Singh et al. (1996) calibrated and 
evaluated the subsurface drainage component of RZWQM V 2.5 by using measured 
subsurface drain flow data for different tillage systems. They found that RZWQM is 
capable of precisely predicting subsurface drain flow for different soil and weather 
conditions. A study by Azevedo et al. (1997) showed that RZWQM could be 
successfully operated to evaluate and test the N management practices. In a 
related study, Kumar et al. (1998a) reported that RZWQM simulated nitrate 
concentrations in subsurface drainage from manured plots satisfactorily. 
Performance of the pesticide component of RZWQM was evaluated by 
several researchers. Kumar et al. (1998b) reported that RZWQM indicated a good 
potential to simulate atrazine losses with subsurface drain water as affected by 
tillage practices. Ahuja et al. (1996) reported that RZWQM was capable of 
simulating soil water and bromide movement and also reasonably predicted 
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pesticide persistence in the soil profile if a two-site sorption model was used. Ma et 
al. (1995) found that RZWQM simulated the distribution and movement of water and 
atrazine reasonably well. 
In general, RZWQM showed the simulation results matched the observed 
data reasonably well. However, some researchers reported the uncertain results 
from the model. For example, Azevedo et al. (1997) found that atrazine 
concentrations were overpredicted by the model, but the depth of atrazine 
penetration was correctly predicted. Wu et al. (1999) reported that concentrations 
of herbicide from the simulation were higher than the measured concentrations. 
This was due to the fact that RZWQM can handle only uniform chemical application 
but the herbicide was band-applied in the field. Ghidney et al. (1999) reported that 
the model overpredicted njnoff three days after herbicide application and resulting 
in a lower herbicide concentrations in the runoff. Jaynes and Miller (1999) reported 
that chemical concentrations within the soil profile were not predicted well by the 
model. Evaluation of RZWQM using Nebraska data by Martin and Watts (1999) 
showed that the model did not accurately predict the crop yield and N uptake. 
To improve the perfomnance of RZWQM, suggestions and comments had 
been made after the evaluation of RZWQM against the measured data. Ghidney et 
al. (1999) suggested that the prediction of runoff, seepage and chemical 
concentrations (especially in areas where soil cracking is an important factor) would 
be much improved if a RZWQM included the routine estimates of soil cracking 
based on soil moisture content. Jaynes and Miller (1999) commented that nwre 
research to accurately account for the dynamic cycling of chemicals within soil 
18 
organic and microbial pools are needed in order to make the model predict the 
chemical concentration in the soil profile better. They also suggested that the 
model needs to be further evaluated against a long-term climate-yield record and 
against a more variable management practice to completely test its strength. 
Farahani et al. (1999) noted that the further evaluations of the model needed to 
focus on using experimental observations from multiple seasons. Model input 
parameters from single-season of data may cause the bias in input parameter 
values, resulting from the prevailing conditions during that single season. Ahuja et 
al. (1996) noted that the problem of evaluating a chemical fate model like RZWQM 
is the lack of measured data. Since the behavior of pesticides is strongly related to 
the environment, site-specific parameters are needed for the model to adequately 
predict pesticide behavior in the field. 
In summary, previous research reflected the ability of RZWQM to be used as 
a rapid screening tool to simulate the atrazine fate leaching below the root zone of 
VBS. 
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CHAPTER 3. DEGRADATION AND SORPTION OF ATRAZINE WITHIN 
GRASS-HEDGE VEGETATIVE BUFFER STRIPS 
A paper to be submitted to the Journal of Environmental Quality 
A. Reungsang, T.B. Moorman, and R.S. Kanwar 
ABSTRACT 
Degradation and sorption of atrazine in soil and thatch from seven-year-old 
grass-hedge Vegetative Buffer Strips (grass-hedge VBS): 1) switchgrass {Panicum 
virgatum L.), 2) eastern gamagrass (Tripsacum dactyloides L.). and 3) big bluestem 
grass (Andropogon gerardi), from near Treynor, Iowa, were investigated using intact 
soil blocks receiving simulated mnoff containing atrazine at the rate of 1 mg L'\ 
During seven years growth eastern gamagrass appeared to be accumulating 
organic C in both the surface 15 cm and 15-30 cm soil depths. Soil from eastern 
gamagrass stands had the greater total mineralization atrazine (60%) and the larger 
atrazine-degrader populations (25,133 cells g'^  soil) than soil beneath big bluestem 
or switchgrass. Atrazine was degraded rapidly in eastern gamagrass soil with an 
atrazine half-life of 10 days. Batch equilibrium techniques were used to determine 
sorption partition coefficients (Kf) for all soils. Kf values for surface soil from eastem 
gamagrass, switchgrass, and big bluestem grass were 1.72,2.92, and 5.21 L mg'\ 
respectively. Cropped soil adjacent to eastem gamagrass, switchgrass and big 
bluestem grass VBS had Kf values of 1.79, 2.54, and 5.81 L mg'\ respectively. Big 
bluestem and switchgrass thatch had significantly larger Kf values. (20,22 L mg'\ 
respectively) than the respective soil Kf. In condusbn, these data Indicated that 
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eastern gamagrass should be used In preferentially to big bluestem and switchgrass 
for establishing grass-hedge VBS. 
Introduction 
Atrazine (6-chloro-/V-ethyl-/\/- (1-methylethyl)-1,3,5-triazine-2,4-diamine) has 
been extensively used in the Midwest USA for controlling broad leaf weeds in corn. 
Detection of atrazine in the surface water and groundwater has caused concern 
over water quality (USEPA, 1990a; Burkartand Kolpin, 1993; Bellucketal. 1991; 
Spalding et al. 1989, Richards and Baker, 1993; Thunnan et al. 1992). Losses of 
pesticides in runoff can be large if rainfall occurs shortly after a herbicide has been 
applied. Weakly to moderately sorbed pesticides such as atrazine are mostly lost 
with the runoff water (Wauchope, 1978; Basta et al., 1997) leading to surface water 
quality deterioration. Approximately 2 to 5% of the applied atrazine can be lost to 
the surface water (Wauchope, 1978). In a Chesapeake Bay watershed, 1% of the 
applied atrazine was reported to be transported out of the watershed with runoff 
(Wu, 1980). Glotfelty (1984) reported that 2 to 3 % of atrazine applied in Wye river 
drainage basin entered the Chesapeake Bay via runoff. 
Vegetative buffer strips (VBS) have been identified as one of the off-site best 
management practices to reduce runoff of herbicides to the surface water (Arora et 
a!., 1996; Fawcett, 1998). VBS are strips of planted or native grasses located on 
slopes of cropped areas or between a potential contaminant source area and a 
surface water body that receives runoff (Leeds et al., 1993). VBS include 
vegetative filter strips, filter strips, buffer strips, grass-hedge and grass strips. 
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Grass-hedge VBS are narrow strips of stiff-stemmed grasses planted on elevation 
contours at regular intervals within fields to intercept runoff and have been 
suggested for use as a conservation practice (Dewald et al., 1996). 
The VBS retain contaminants (pesticides, nutrients or sediments) from runoff 
by sediment deposition, interception-adsorption, and/or infiltration (Mickelson and 
Baker, 1993; Arora et. al., 1996). The ability of the VBS to control herbicide 
transport has received less attention than sediment and nitrate removal. Patty et al. 
(1997) reported that grassed buffer strips improved surface water quality by 
reducing the volume of runoff, trapping sediment and limiting transport of strongly 
adsorbed pesticides (diflufenican and lindane) and relatively water-soluble 
pesticides (isoproturon and atrazine). Rhode et al. (1980) determined that VBS 
reduced trifluralin transport in simulated surface runoff. Trifluralin losses were 
reduced by 96% if the VBS was dry and 86% if the VBS was prewetted. The 
reduction was due to adsorption on vegetation, organic matter, soil, etc. In another 
runoff study, 6 m-wide oats strips were used at the edge of 22 m-long atrazine-
treated cornfields to receive a runoff from a natural rainfall (Hall et al., 1983). The 
reduction of atrazine in runoff was by 91 and 65% by the oats strip at application 
rates of 2.1 and 4.5-kg ha'\ respectively. They concluded that this reduction was 
due to infiltration into the VBS. Arora et al. (1996) found the atrazine retention by 
VBS ranged from 11 to 100% and also concluded that herbicide retention in the 
buffer strips was primarily due to infiltration. Mersie et al. (1999) reported that 
switchgrass filter strips helped to remove the dissolved atrazine by slowing runoff 
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velocity and reducing the mass of dissolved atrazine by 52% from the applied 
mnon. 
There are two possibilities regarding pesticide degradation in VBS soil: 1) 
VBS have intermittent exposure to pesticides, leading to the decline of microbial 
populations adapted to pesticides resulting in decreased degradation rates; and 2) 
perennial plants in VBS may increase C accumulation leading to greater microbial 
biomass carbon and greater pesticide degradation. Some research showed the 
ability of riparian and grassed soil to degrade atrazine faster than the cropped soil. 
Paterson and Schnoor (1992) discovered that atrazine and alachlor degraded at a 
faster rate in a riparian zone soil under hybrid poplars {Populus sp.) than in crop 
areas. Forest litter and forest mineral soils were found to mineralize more atrazine 
than pasture soil (Entry et. al., 1994). Grassed strip soil showed a higher potential to 
degrade isoproturon and have a higher sorption capacity to adsorb isoproturon than 
cropped soil (Benoit et. al., 1999). The half-life of isoproturon was 8 days in 
grassed soil compared to 72 days in cropped soil. 
Thatch, partially decomposed plant residues, has a high organic matter 
content, and thus shows promise to adsorb herbicides to a greater extent than soil. 
Lickfeldt and Branham (1995) stated that turfgrass leaves and thatch have larger 
sorption capacity than soil organic carbon. Dell et al. (1994) reported that turfgrass 
thatch significantly increased the sorption capacity for fungicide (triadimefon and 
chloroneb) in the soil profile. Kentucky bluegrass thatch also was found to adsorb 
preemergence herbicides benefin, bensulide, and DCPA greater than soil (Hurto 
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and Turgeon, 1979). Thus, types of grasses that can yield a high thatch can be 
considered to be one way of increasing the effectiveness of VBS. 
The quality of vegetation in VBS is an important factor in detemiining VBS 
effectiveness. VBS with poor quality of vegetation may have increased amounts of 
sediment leaving the VBS (Leeds, 1993). However, there is limited research on 
which plant species are most effective in reducing herbicide transport in mnoff. 
Clearly there is a need for further knowledge on how the microorganism-plant 
communities in VBS degrade pesticides. The objectives of this study were: (i) to 
determine the relative persistence and fate of atrazine in grass-hedge VBS soil 
under big bluestem, switchgrass and eastern gamagrass compared to adjacent 
cropped soil and (ii) to detennine the differences in sorption of atrazine in the grass-
hedge VBS soil and the thatch. Information from this study will be useful in 
remediating herbicide loss from the agricultural soil to surface water bodies. 
Materials and Methods 
The study area is located in Watershed I at USDA-ARS Deep Loess 
Research Station near Treynor, Iowa. The site represents the deep loess hills 
Major Land Resources Area (MLRA) 107, which includes 5.4 million ha in 
southwestem Iowa and northwestern Missouri. Soils at this site were fomned on 
loess and are mapped as fine silty, mixed, mesic, Typic Hapludolls, Typic 
Udorthents, and Cumulic Hapludolls. The permeability ranges from moderate to 
moderately rapid. The watershed contains approximately 16% Ida. 60% Monona, 
11% Napier, 4% Dow and 9% Kennebec soil series (Karlen et al., 1999). 
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Grass-hedge VBS were planted on the contour along the hillsiope in a sub-
basin of the watershed. The width of the grass-hedge VBS were 0.72 m and were 
separated by 16-97 cm com rows (Figure 1). The grass-hedge VBS species were 
eastern gamagrass {Tripsacum dactyloides L), big bluestem {Andropogon gerardi), 
and switchgrass {Panicum virgatum L). Big bluestem grass and eastern 
gamagrass were planted in Monona soil in 1991. Switchgrass was also planted in 
Monona soil in 1992. The adjacent cropped areas have been in continuous com 
(Zea mays L.) since 1964. Atrazine had been applied for weed control from 1972 to 
1996 with the total atrazine of 16.2-kg ha'\ 
Chemicals. 
Atrazine (99% purity) was purchased from Chem Service, West Chester, PA. 
Unifomnly nng-labeled f^C]atrazine (3.25MBq mg'\ 98% radioactivity purity) was 
purchased from Sigma Chemical Co., St. Louis, MO. 
Soil Properties. 
Soil samples were collected from grass-hedge VBS (big bluestem, eastern 
gamagrass, and switchgrass) and adjacent cropped areas (cornfield), 3 replications 
each, using soil probes with a diameter of 3 cm to a depths of 0-15 cm and 15-30 
cm. Each sample was a composite of three cores passed through a 2-mm sieve 
and kept at 4° C until use. Soil textures were analyzed by Midwest Laboratories, 
Inc. (Omaha, NE). Soil moisture content was detemiined gravlmetrically by oven 
drying at 105° C for 24 hours. Total organic carbon and nitrogen were detennined 
by using dry combustion methods using a Carlo-Erba NA1500 NCS elemental 
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analyzer (Haake Buchler Instruments, Patterson, NJ). Soil pH was measured in 
0.01 M CaCl2 (2:1) soil slurry. 
Atrazine mineralization studies were conducted using biometer flasks (Beico, 
Vineland, NJ) containing the equivalent of 50 g oven dry soil. Treatment solutions 
containing [^^C-UL-nng] atrazine were prepared in methanol with activity of 
250,000 dpm/flask (1500 Bq). Atrazine concentration following addition to soil was 
1-mg kg'^  soil. Triplicate flasks were prepared and incubated in the dark at 25° C. 
The ^^C02 trapping solution (0.5 M NaOH) was changed at 3, 8, 14, 21, 28, 35, 49, 
56, 63, 70,84, 97,132,139,143, and 165 days after atrazine addition and the 
radioactivity determined by Liquid Scintillation Spectrophotometer (LSS) (Packard 
Instrument Company, Meriden, CT). Samples were prepared by adding 4 mL of 
Ultima Gold XR Cocktail (Packard) to 3 mL of NaOH taken from the CO2 trap. 
After day 165, residual atrazine was determined. Soil samples (25 g) were 
extracted twice with 50-mL methanol/water (4:1, v/v). During each of the 
extractions, the mixture was shaken for 1 h on a reciprocating shaker and then 
centrifuged at 1,676 x g for 20 min. Supernatants from the two extractions were 
combined and evaporated by using a rotary evaporator operated at 40°C, 50-75 
rpm, with a vacuum of 63.5-cm Hg. When most of the methanol was evaporated, 
one mL of the aqueous extract was mixed with 6 mL of Ultima Gold XR and was 
counted for radioactivity by LSS. The remaining aqueous extract was passed 
through a Cia solid-phase catridge and ImL of these extracts was mixed with 6 mL 
of Ultima Gold XR, and the radioactivity was determined by LSS. After extraction, 
the soils were dried in a fume hood and the ^^C-bound residues were determined by 
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combusting subsamples in a Biological Oxidizer (R.J. Harvey Instmment 
Corporation, Hillsdale, NJ) with a quantification of 
Soil samples were measured for atrazine degrader populations by a [^^C]-
atrazine most probable number (MPN) technique (Jayachandran, 1998). Soil 
microbial biomass carbon was measured by fumigation and direct extraction with 
0.5 M K2SO4 (Tate et al., 1988). Organic 0 in the fumigated and non-fumigated 
extracts was measured using a Dohrman DC-180 carbon analyzer (Rosemount 
Analytical Services, Santa Clara, CA) calibrated with potassium phthalate 
standards. The correction factor for calculating microbial biomass carbon was k = 
0.33 (Sparling and West, 1988). 
Data were analyzed by means of analysis of variance (ANOVA) (SAS 
Institute, Inc. 1982). Differences between means of VBS soil and respective 
cropped soil were determined by Fisher's protected least significant difference test. 
Grass-hedge VBS. 
Three replicate intact soil block samples were collected from each grass-
hedge VBS (treatment) and adjacent cropped area (controls) in November of 1996. 
The control soils were bare soil collected from the cornfield. 
Soil blocks from established grass-hedge VBS and controls from adjacent 
cropped area were removed to approximately a 15-cm depth from the surface and 
placed in pots, 30-cm width x 45-cm length x 15-cm depth, which already contained 
uniformly packed subsoil (15-cm depth). To minimize preferential flow around the 
edge of the pot, soil from the same area was packed in spaces around the edge of 
the pot. Pots were kept in the USDA greenhouse with 14 hours of light. Grass-
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hedge VBS pots were fertilized once a week with approximately 5-g L'^  of Miracle 
Gro (Scott Miracle Gro Products, NY). All the pots were watered every other day for 
11 months prior to use in the experiments and were randomized on the greenhouse 
bench and rerandomized every 3 weeks. 
Degradation of Atrazine Applied In Simulated Runoff. 
Healthy established grass-hedge VBS and cropped area soil blocks were 
treated with 3.75-L of water containing atrazine at the concentration of 1-mg L'^  to 
simulate atrazine entering a VBS in runoff. The concentration of atrazine in soils 
from each pot after received atrazine was determined by using automated 
procedures previously described by Moorman et al. (1999). A worst-case scenario 
was used to calculate the amount of atrazine in the simulated runoff. A runoff depth 
of 0.50-cm yielded an equivalent of 3.75-L of water and 5% loss of the applied 
atrazine in the runoff was assumed. The ratio of drainage land to VBS was 15 to 1. 
The first 2-L was applied to the top of the soil surface on the first day. A tray was 
used to collect the leachate under the pot and all the leachate and the rest of the 
runoff (1.75-L) was applied to the top of the pot on the next day. The leachate from 
the second day was collected, measured for volume and analyzed for atrazine 
concentration by HPLC. 
Soil cores were taken from the pots using a probe with a 3.2-cm diameter at 
day 4, 7,14,21, 56, 98,120, and 150 at depths of 0-15 cm and 15-30 cm. During 
this period all the pots were watered every other day. After sampling, the holes 
were filled with Kennebec soil and merited to avoid resampling at the same spot. 
The soil core samples were analyzed for atrazine concentration by using automated 
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procedures previously described by Moorman et al. (1999). The atrazine 
concentrations were fitted to a modified first-order kinetic model; 
C = Coe *** + Ya. where C is the mean concentration of atrazine as a function of time 
in days (^g kg'^ ), Co is the initial atrazine concentration (^g kg'^ ), k is the rate 
constant (day'^ ), t is time (days), and Ya is an asymptotic estimate of the 
concentration of atrazine that degrades very slowly over time (residual atrazine) (^g 
kg'^ ). The initial atrazine concentrations (at Day 0) were ranged between 95-140 ^g 
kg'\ The mean concentrations used in the regression were weighted with inverse 
of the variance squared, S'^ . This method compensates for the non-constant 
variance and helps to improve estimation of parameters. 
Soil samples from day 7,56, and 98 were also used to measure atrazine 
degraders population by a [^^C]-atrazine most probable number (MPN) technique 
(Jayachandran, 1998) and soil microbial biomass carbon. 
Sorption-Oesorption. 
Adsorption isotherms were determined by conducting batch equilibrium 
experiments at atrazine concentrations of 0.05,1.0, 5.0,10.0, and 20.0 ^g mL'^  
including f^C-UL-ring] with an activity of 2,500 dpm mL'\ All solutions were 
prepared in 0.01 M CaCb. A total of 3-g of air-dried soil was put into a 25-mL glass 
centrifuge tube and mixed with 9-mL of 0.01 M CaCb solution containing atrazine. 
Centrifuge tubes were shaken on an Eberit)ach Shaker (Eberbach Corporation, Ann 
Arbor, Ml) for 48 hours at 90 cycles per minute. After centrifugation at 5,000 x g, 3-
mL of supematant were pipetted into a scintillation vial, and thoroughly mixed with 
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4- mL Ultima Gold XR Cocktail. The radioactivity of the solution was determined by 
LSS. Soil was resuspended with 9-mL of 0.01 M CaCb (without atrazine) for 
desorption determinations. The tubes were shaken for 24 hours on Eberbach 
shaker at 90 cycles per minute. The samples were centrifuged and a 3-mL aliquot 
was taken for counting as described above. The desorption step was repeated 3 
times following the procedure above. 
Thatch was clipped from switchgrass and big bluestem grass in grass-hedge 
VBS and air-dried before determining for the adsorption coefficients and used in 
adsorption kinetics experiment. Adsorption kinetics was determined by using one g 
of thatch and 18-mL of 0.5-^g mL'^  [^^C-UL-ring] atrazine. The samples were 
shaken and three replicates were counted for the radioactivity at 15, 30,45, 60, 
180, 360, 540, 720,1440 and 2880-min. The data were fitted to a biphasic model 
which is a rapid adsorption at the beginning and then a slow adsorption; Cs 
CmXi(1-e''^ '^) + (Cm(1-Xi))(1-e '^ *) by non-linear least-squares regression. Cs is the 
concentration of atrazine in thatch (^g g'^ ). Cm is the maximum atrazine 
concentration adsorb to thatch (^g g'^ ), ki and k2(min'^ ) are the rate constants for 
rapid and slow sorption sites, respectively, Xi is the fraction of sites adsorbing 
rapidly and t is a sampling time (min). 
Results and Discussion 
Soil Characteristics. 
Soil textures are very similar for all soils (Table 1). which are classified as 
Monona silty clay loams. Soil pH ranges from 4.1 to 6.8 for surface and subsurface 
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soils. Eastern ganfiagrass soil and its cropped soil have the highest pH compared to 
the other soils. The lowest pH values are found in big bluestem grass-hedge VBS 
soil and adjacent cropped soil. Organic carbon content decreases with depth and 
ranges from 1.0 to 2.1 % and 0.3 to 1.5% for surface and subsurface soil, 
respectively. 
Degradation and Fate of Atrazine. 
Degradation of atrazine in grass-hedge VBS soil and cropped area soil are 
described by a modified first-order kinetic model (Figure 2). The coefficients of 
detenriination, r^, range between 0.85 and 0.97 and indicate good fit of the data to 
the first-order kinetic model (Table 2). The half-life values are calculated for a depth 
of 0-30 cm for VBS and crop area soils. The half-lives of grass-hedge VBS soil and 
cropped area soil are not significantly different (p-value > 0.05). Both grass-hedge 
VBS soils and cropped soils at this site rapidly degrade atrazine (Table 2), which 
may have resulted from repeated application of atrazine in cropped soils or a 
rhizosphere effect in grass-hedge VBS soils. Other researchers (Jayachandran et 
al., 1998; Ostrofsky et al., 1999; Bam'uso and Houot, 1996) found evidence of 
microbial adaptation and growth in soil resulting from repeated atrazine exposure. 
Although, the half-life of grass-hedge VBS soil is not statistically different from the 
adjacent cropped soil, half-life is slightly shorter in big bluestem and in eastern 
gamagrass grass-hedge VBS soil relative to their adjacent cropped soil. The 
rhizosphere microorganisms may be responsible for this trend. Previous studies 
demonstrated that the degradation of xenobiotics is greater in the presence of plant 
41 
roots than in their absence (Hsu and Bartha, 1979; Walton and Anderson. 1990; 
Boyle and Shann, 1995; Sandmann and Loos, 1984). 
Atrazine-Degrader Populations and Mineralization of Atrazine. 
The atrazine-degrader populations decrease with an increased soil depth. 
Grass-hedge VBS subsurface soil and adjacent cropped area subsurface soil have 
a slightly smaller population size than the grass-hedge VBS surface and adjacent 
cropped area surface soils, but are not significantly different (Table 3). This may be 
due to less organic carbon in the subsoil supporting a smaller population of 
microorganisms. Alexander (1977) and Jayachandran et al. (1998) found that 
microbial populations declined sharply with depth into the soil profile. 
Mineralization of f ^ C-UL-ring]-atrazine is variable among soils (Figure 3). 
Atrazine-degrader populations increase after exposure to atrazine from the 
simulated mnoff and then decrease over time (Table 3). Regression analysis 
indicates that atrazine-degrader populations are not related to mineralization of 
[^^C-UL-ring]-atrazine (data not shown), suggesting that atrazine-degrader 
populations do not control the mineralization of atrazine. Atrazine sorption and 
mineralization are negatively correlated (Figure 4), suggesting that sorption reduces 
the bioavailability of atrazine in soil. The big bluestem soil and adjacent cropped 
soil have the greatest Kf values (Table 4) which reduce atrazine available to 
atrazine-degrader populations. Novak et al. (1995) stated that sorption reduces the 
availability of herbicides and results in decreased degradation rates. 
Cumulative mineralization of [^^C-UL-ring]-atrazine at day 165 for grass-
hedge VBS surface soil ranged from 3 to 60% of the applied (Table 5). The 
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cropped area surface soil mineralized between 4 and 47% of the applied atrazine. 
Greater mineralization of ^^C-atrazine in surface soil than the subsoil may be due to 
the greater microbial biomass and atrazine-degrader populations. The MPN 
technique used with ^^C-ring-atrazine as a substrate measures only microorganisms 
capable of ring cleavage. Microorganisms capable of dealkylation are more 
numerous (Jayachandran et al., 1998). 
In general, surface and subsurface cropped area soils evolved slightly 
greater amounts of than the grass-hedge VBS soils. This also may result 
from previous continuous atrazine application. Barriuso and Houot (1996) stated 
that faster atrazine mineralization was related to repeated atrazine application in the 
field. Ghani et al. (1996) also found that soil microorganisms with previous 
exposure to atrazine could degrade atrazine at a faster rate resulting in a higher 
mineralization activity. 
Mineralization of ^^C-atrazine is greatest in the eastern gamagrass grass-
hedge VBS surface soil which also has the highest numbers of atrazine degraders 
(Figure 3, Table 3). Big bluestem grass-hedge VBS soil and the adjacent cropped 
area soil have the lowest number of atrazine degraders and the lowest 
liberated. Previous work showed mineralization of [^^C-ethyl]-atrazine was 
positively correlated with atrazine-degrader populations (Jayachandran et al., 1998). 
Surface and subsurface soil from eastem gamagrass grass-hedge VBS and 
cropped area soil confinm this trend. 
Recoveries of from soil range from 83 to 92 % (Table 5). As more 
atrazine is mineralized, less is recovered from solvent-extractable or the bound 
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residue (Table 5). Kruger et al. (1997) observed that soil-bound residues make up 
a major portion of the applied in atrazine-treated soils that have low 
mineralization activity. Recoveries lower than 100% may be due to lost in the 
process of passing these samples through C18 catridges. Efficiency extractions 
done after the experiment indicate that an insufficient amount of methanol was 
removed from the aqueous fractions, therefore resulting only 75% average recovery 
from the methanol-water extracts. 
Microbial biomass is important in regulating the degradation of herbicides in 
soil (Anderson, 1984). However, we found that there is no correlation of atrazine 
mineralization with the microbial biomass carbon (data not shown). Big bluestem 
grass-hedge VBS soil and the adjacent cropped soil have the highest microbial 
biomass carbon (Table 6), but have the lowest atrazine mineralization (Table 5), 
indicating no correlation of the microbial biomass cartx)n with the mineralization of 
atrazine. Entry and Emmingham (1996) also found that there is no correlation of 
active fungal or bacterial biomass with atrazine or 2,4-D mineralization. 
The amount of microbial biomass carbon of the grass-hedge VBS soil is 
significantly (P < 0.05) larger than the cropped soil (Table 6). This may be due to 
the fact that all the grass-hedge VBS soil are taken from pots that have healthy 
grasses growing, but the cropped soils are taken from non-planted pots. 
Rhizosphere microorganisms may account for much of the microbial biomass 
carbon in grass-hedge VBS soil. Atrazine is typically applied before emergence of 
com in the field; therefore the absence of a crop plant is justified. 
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Microbial biomass carbon decreases with depth. Surface soil and sub­
surface soil have a microbial biomass carbon range from 172 to 589 mg C kg'^  and 
71 to 224 mg C kg'^  soil (Table 6), respectively. The higher biomass carbon in 
surface soil may be due to the higher proliferation of microorganisms in surface soil 
and also due to the exudation of carbohydrates and amino acids from the plant 
roots (Curl and Truelove, 1986). 
Sorption and Desorption of Atrazine to Grass-hedge VBS Soil and Cropped 
Soil. 
Figure 5 shows the atrazine sorption isotherms resulting from the Freundlich 
equation: Cs = KfCeq where Cs is the atrazine concentration in soil (mg kg'^  soil), 
Ceq is the equilibrium solution concentration of atrazine (mg L'^ ), Kf is an index of 
the adsorption capacity, and 1/n is an empirical constant. The Kf parameter, a 
measure of the partitioning from liquid to soil phase, were higher for the surface 
soils than the subsurface soils (Table 4). 
Adsorption Kf values decrease with the increase in soil depth. For the 
subsurface soil, 15-30 cm depth, the Kf values of big bluestem soil and the adjacent 
cropped area soil still have the highest Kf values among the other soils. The lowest 
Kf values are found in eastern gamagrass subsoil and its adjacent cropped area 
subsoil. Lower Kf values in subsurface soil are due to a smaller percentage of 
organic carbon at that depth. Organic C content has been shown to be positively 
and significantly correlated with the adsorption of atrazine on many soils (Borggaard 
and Streibig, 1988). Seyt)old et al. (1994) also reported that the sorption of atrazine 
declines with depth and correlates with organic cart}on content. 
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Soil pH affects atrazine sorption in soil beneath big bluestem and its cropped 
area at both depths. Atrazine is a weak base with a pKa of 1.7 and becomes 
protonated under lower pH condition, resulting in stronger sorption to soil 
(McGlamery and Slife, 1966; Weber, 1970, Roy and Krapac, 1994, and Clay et al., 
1988). The atrazine adsorption capacity of VBS soil is not significantly different 
from their adjacent cropped soil. During the 7 growing seasons, the VBS have not 
altered organic C sufficiently (Table 1) to Increase atrazine sorption. 
Representative sorption and desorption isotherms for grass-hedge VBS and 
cropped soil are shown in Figure 6. Desorption hysteresis is evident, with less 
atrazine released during desorption than predicted by the adsorption isothemn. 
More atrazine is desorbed from cropped soils adjacent to the eastem gamagrass 
and switchgrass grass-hedge VBS, as indicated by a lower Kf and larger 1/n values 
of cropped soil compared to grass-hedge VBS soil (Table 7). Desorption from the 
cropped subsurface soil adjacent to eastem gamagrass grass-hedge VBS show the 
same trend. 
Sorption of Atrazine to Thatcli. 
We measured atrazine sorption to thatch by determining Kf values in a batch 
sorption experiment. The Kr values for switchgrass thatch and big bluestem thatch 
are 21.6-L mg'^  and 19.8-L mg'\ respectively. These sorption values are much 
larger than the Kf values found and reported in Table 4. The higher Kf values In 
thatch compared to soil are due to the high organic C content of thatch, which are 
34 and 32% for switchgrass thatch and big bluestem thatch, respectively. The 1/n 
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for both thatch types are 0.96 and 0.97 which indicates strong linear relationships 
between solution concentration and adsorption. 
The kinetics of atrazine adsorption to thatch are described by the equation, 
Cs = CmXi(1-e"''^^) + (Cm(1-Xi))(1-e'''^'). The coefficients of determination, r^, are 0.99 
and indicate good fit of the data to the model. Atrazine adsorbed to thatch (Cs) 
follows a biphasic pattem. Cs increases rapidly and then is followed by a slower, 
phase (Figure 7). Regression parameters for big bluestem thatch are Cm 4.95 (^g 
g'^ ), ki =0.19 min'\ ka = 0.002 min*\ and Xi = 0.70. Regression parameters for 
switchgrass thatch are Cm = 4.79 (^g g'^ ), ki = 0.08 min'\ ka = 0.002 min"^ and Xi = 
0.69. 
Our results suggest that thatch can play an important role as a sorbent for 
atrazine. If thatch density and retention time can be maximized, sorption would help 
to reduce the movement of atrazine to surface water. This implies that selection of 
grass species that produce more thatch or increase residence time in the VBS can 
improve the effectiveness of grass-hedge VBS. 
Conclusions 
The grasses used in this study have been established for 7 growing seasons. 
The eastem gamagrass and big bluestem grass appear to be accumulating organic 
C in both the surface 15 and 15-30 cm soil depths, although these differences are 
not statistically significant. Soil under eastem gamagrass sustains the highest 
mineralization rate of atrazine and the highest atrazine-degrader populations 
compared to soil under big bluestem and switchgrass. Atrazine is rapidly degraded 
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with a half-life of 10 days in eastern gamagrass soil compared to 13 days half-life in 
the adjacent cropped soil. Big bluestem also appears to sustain enhanced 
degradation relative to the control. These facts suggest that eastem gamagrass 
should be used in preference to big bluestem and switchgrass for establishing VBS 
for trapping atrazine from runoff. 
Our data suggest that sorption of atrazine to soil and thatch increases the 
effectiveness of grass-hedge VBS in retaining atrazine. This result to a greatly 
reduces the probability that atrazine will move to a subsequent soil profile or surface 
water. Further research on the selections of types of vegetation and their 
management, such as growth, mowing in ways that increase thatch and 
subsequently organic C in the soil surface, which would appear to increase VBS 
effectiveness, deserve continued attention. 
In conclusion, despite the fact that transport of atrazine data is lacking, the 
VBS seem to hold a promise for being used to reduce/adsorb pesticides in njnoff 
from agricultural area and result to a better water quality. 
References 
Alexander, M. 1977. Introduction to soil microbiology. 2 nd Ed., Wiley, New York. 
Anderson, J.P.E. 1984. Herbicide degradation in soil; Influence of microbial 
biomass. Soil Biol. Biochem. 16:483-489. 
Arora, K., S.K. Mickelson, J.L. Baker. D.P. Tiemey, and C.J. Peters. 1996. 
Herbicide retention by vegetative buffer strips from runoff under natural 
rainfall. Trans. ASAE. 39:2155-2162. 
48 
Barriuso, E., and S. Houot. 1996. Rapid mineralization of the s-triazine ring of 
atrazine in soils in relation to soil management. Soil Biol. Biochem. 28:1341-
1348. 
Basta, N.T., R.L. Huhnke, and J.H. Steigler.1997. Atrazine runoff from conservation 
tillage systems: a simulated rainfall study. J. Soil Water Cons. 52:44-48. 
Belluck, D.A., S.L. Benjamin, and T. Dawson. 1991. Groundwater contamination by 
atrazine and its metabolites, p. 254-273. In L. Somasundaram and J.R. 
Coats, (eds.) Pesticide transfomiation products: Fate and significance in the 
environment. ACS Symp. Ser. No. 459. Am. Chem. Soc., Wash., DC. 
Benoit, P., E. Barriuso, P.H. Vidon, and B. Real. 1999. Isoproturon sorption and 
degradation in a soil from grassed buffer strip. J. Environ. Qual. 28:121-129. 
Borggaard, O.K., and J.C. Streibig. 1988. Atrazine adsorption by some soil 
samples in relation to their constituents. Acta Agric. Scand. 38:293-301. 
Boyle, J.J. and Shann, J.R. 1995. Biodegradation of phenol, 2,4-DCP, 2,4-D, and 
2,4,5-T in field-collected rhizosphere and nonrhizosphere soils. J. Environ. 
Qual. 24:782-785. 
Burkart, M.R. and D.W. Kolpin. 1993. Hydrologic and land-use factors associated 
with herii)icides and nitrate in near-surface aquifers. J. Environ. Qual. 22:646-
656. 
Clay, S.A., W.C. Koskinen, R.R. Allmaras, and D.H. Dowdy. 1988. Differences in 
herbicide adsorption on soil using several soil pH modification techniques. J. 
Environ. Sci. Health B23:559-573. 
Curi, E.A.. and B. Truelove. 1986. The rhizosphere. Springer-Veriag, New York. 
Dell, CJ., C.S. Throssell, M. BIschoff, and R.F. Turco. 1994. Estimation of sorption 
coefficients for fungicides in soil and turfgrass thatch. J. Environ. Qual. 
23:92-96. 
Dewald, C.L., J. Henry, S. Bmckerhoff, J. Ritchie, S. Dabney, D. Shepherd, J. 
Douglas, and D. Wolf. 1996. Guidelines for establishing warm season grass-
hedge for erosion control. J. Soil and Water Consen/. 51:16-20. 
Entry, J.A. and W.H. Emmingham. 1996. Influence of vegetation on microbial 
degradation of atrazine and 2,4-dichlorophenoxyacetic acid in riparian soils. 
Can. J. Soil Sci. 76:101-106. 
Entry, J.A., P.K. Donelly, and W.H. Emmingham. 1994. Microbial mineralization of 
atrazine and 2,4-dichlorophenoxyacetic acid in riparian pasture and forest 
soils. Biol. Fertil. Soils 18:89-94. 
Fawcett, R.S. 1998. The role of best management practices in reducing triazine 
runoff. P. 49-58. In L.G. Ballantine, J.E. McFarland and D.S. Hackeh, (eds.) 
Triazine herbicides risk assessment. ACS Symp. Ser. No. 683. Am. Chem. 
Soc., Wash., DC. 
Ghani, A., D.A. Wardle, A. Rahman and D.R. Lauren. 1996. Interactions between 
^^C-labelled atrazine and the soil microbial biomass in relation to herbicide 
degradation. Biol. Fertil. Soils 21:17-22. 
Glotfelty, D.E., A.W. Taylor, A.R. Isensee, J. Jersey, and S. Glen. 1984. Atrazine 
and simazine movement to Wye River estuary. J. Environ. Qual. 13:115-121. 
50 
Hall, J.K., N.L. Hartwig and L.D. Hoffman. 1983. Application mode and altemative 
cropping effects on atrazlne losses from a hillside. J. Environ. Qual. 12:336-
340. 
Hsu, T.S., and R. Bartha. 1979. Accelerated mineralization of two organophosphate 
insecticides in the rhizosphere. Appl. Environ. Microbiol. 37:36-41. 
Hurto, K.A., and J. Turgeon. 1979. Influence of thatch on preemergence herbicide 
activity in Kentucky bluegrass (Poa pretensis) turf. Weed Science. 27:141-
146. 
Jayachandran, K., N.B. Stoipe, T.B. Moomrian, and P.J. Shea. 1998. Application of 
^^-C-most-probable-number technique to enumerate atrazine-degrading 
microorganisms in soil. Soil Biol. Biochem. 30:523-529. 
Karien, D.L., L.A. Kramer, D.E. James, D.D. Buhler, T.B. Moorman, and M.R. 
Burkart. 1999. Field-scale watershed evaluations on deep loess soils: I. 
Topography and agronomic practices. J. Soil Water Conserv. (In press). 
Knjger, E.L. P.J. Rice, J.C. Anhalt, T.A. Anderson, and J.R. Coats. 1997. 
Comparative fates of atrazine and deethylatrazine in sterile and nonsterile 
soils. J. Environ. Qual. 26:95-101. 
Leeds, R., L.C. Brown, M.R. Sulc, and L. VanLieshout. 1993. Vegetative filter strips: 
application, installation and maintenance. AEX Paper No. 467. Columbus, 
OH. 
Lickfeldt, D.W., and B.E. Branham. 1995. Sorption of nonionic organic compounds 
by Kentucky Bluegrass leaves and thatch. J. Environ. Qual. 24:980-985. 
51 
McGlamery, M.D. and F.W. Slife. 1966. The adsorption and desorption of atrazine 
as affected by pH. temperature, and concentration. Weeds. 14:237-239. 
Mersie, W., C.A. Seybold, C. McNamee, and J. Huang. 1999. Effectiveness of 
switchgrass filter strips in removing dissolved atrazine and metolachlor from 
runoff. J. Environ. Qual. 28:816-821. 
Mickelson, S.K. and J.L. Baker. 1993. Buffer strips for controlling herbicide mnoff 
losses. ASAE Paper No. 932084. Spokane, WA. 
Moorman, T.B.. D.B. Jaynes, C.A. Cambardella, J.L, Hatfield, R.L. Pfeiffer, and A.J. 
Morrow. 1999. Water quality in Walnut Creek Watershed: Herbicides in soils, 
subsurface drainage, and groundwater. J. Environ. Qual. 28:35-45. 
Novak. J.M., K. Jayachandran, T.B. Moomnan, and J.B. Weber. 1995. Sorption and 
binding of organic compounds in soils and their relation to bioavailability. P. 
13-31. In. H.D. Skipper and R.F. Turco (eds.) Bioremediation: Science and 
Applications. Soil Sci. Soc. Am., Madison. 
Ostrofsky, E.B., S.J. Traina, and O.H. Tuovinen. 1997. Variation in atrazine 
mineralization rates in relation to agricultural management practice. J. 
Environ. Qual. 26:647-657. 
Paterson, K.G., and J.L. Schnoor. 1992. Fate of alachlor and atrazine in a riparian 
zone field site. Water Env. Res. 64:274-283. 
Patty, L., B. Real, and J.J. Gril. 1997. The use of grassed buffer strips to remove 
pesticides, nitrate and soluble phosphorus compounds from runoff water. 
Pestic. Sci. 49:243-251. 
Rhode. W.A., L.E. Asmussen, E.W. Hauser, R.D. Wauchope and H.D. Allison. 
1980. Trifluralin movement In runoff from a small agricultural watershed. J. 
Environ. Qual. 9:37-42. 
Richards, R.P. and D.B. Baker.1993. Pesticide concentration pattems in 
agricultural drainage networi^ s in the Lake Erie Basin. Environ. Toxicol. 
Chem. 12:13-26. 
Roy, W.R. and I.G. Krapac. 1994. Adsorption and desorption of atrazine and 
deethylatrazine by low organic carbon geologic materials. J. Environ. Qual. 
23:549-556. 
Sandmann, E.R.I.C., and M.A. Loos. 1984. Enumeration of 2,4-D degrading 
microorganisms in soils and crop plant rhizosphere using indicator media; 
high populations associated with sugarcane {Saccharum officinarum). 
Chemosphere 13:1073-1084. 
SAS Institute. 1985. SAS user's guide. Statistics. Version 5 ed. SAS Inst., Gary, NC. 
Seybold G.A., K. McSweeney and B. Lowry. 1994. Atrazine sorption in sandy soils 
of Wisconsin. J. Environ. Qual. 23:1291-1297. 
Spalding, R.F., M.E. Burbach, and M.E. Exner. 1989. Pesticides in Nebraska's 
ground water. Ground Water Monit. Rev. 9:126-133. 
Spading, G.P., and A.W. West. 1988. A direct extraction method to estimate soil 
microbial C: Calibration in situ using respiration and ^^C labeled cells. Soil 
Biol. Biochem. 10:337-343. 
53 
Tate, K.R., D.J. Ross, and C.W. Feltham. 1988. A direct extraction method to 
estimate soil microbial C; Effects of experimental variables and some 
different calibration procedures. Soil Biol. Biochem. 20:329-335. 
Thurman, E.M., D.A. Goolsby, M.T. Meyer, M.S. Mills, M.L. Pomes, and D.W. 
Kolpin. 1992. A reconnaissance study of herbicides and their metabolites in 
surface water of the midwestem United States using immunoassay and gas 
chromatography/mass spectrophotometry. Environ. Sci. Technol. 26:2440-
2447. 
U.S. Environmental Protection Agency. 1990a. National pesticide survey: Project 
summary. Office of Pesticides and Toxic Substances. USEPA, Wash., DC. 
Walton, B.T., and T.A. Anderson. 1990. Microbial degradation of trichloroethylene in 
the rhizosphere: Potential application to biological remediation of waste sites. 
Appl. Environ. Microbiol. 56:1012-1016. 
Wauchope, R.D. 1978. The pesticide content of surface water draining from 
agricultural fields-A review. J. Environ. Qual. 7:459-472. 
Weber, J.B. 1970. Mechanisms of adsorption of s-triazines by clay colloids and 
factors affecting plant availability. Residue Rev. 32:93-130. 
Wu, T.L. 1980. Dissipation of the herbicide atrazine and alachlor in a Maryland com 
field. J. Environ. Qual. 9:459-465. 
54 
80 Meters 
Figure 1. Grass-hedge VBS iocations in watershed I, USDA-ARS Deep Loess 
Research Station, near Treynor, lA. (BB * big bluestem, EG * eastern 
gamagrass, and SG * switchgrass). 
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Figure 2. Dissipation of atrazine in a) big biuestem, b) eastern gamagrass, c) 
switctigrass grass-hedge VBS soii and adjacent cropped area soil, (• • grass-
hedge VBS soil; • " adjacent cropped area soil; solid lines • atrazine 
concentrations in grass-hedge VBS soil fitted to the first order Icinetic model; 
dashed line • atrazine concentrations in adjacent cropped area soil fitted to 
the first order kinetic model). 
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Figure 3. HAineraiization of f *C-UL-ring]-atrazine in a) switchgrass, b) big 
bluestem, c) eastern gamagrass grass-hedge VBS soil and adjacent cropped 
area soil. (• • grass-hedge VBS soil 15 cm; • « grass-hedge VBS soil 30 cm; 
• « adjacent cropped area soil 15 cm; • • adjacent cropped area soil 30 cm). 
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Figure 4. Correlation of Kf and cumulative ^ ^C02 mineralization from all experiments 
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Figure 5. Sorption isotherms (solid iines) for soil from a) switchgrass, b) big 
bluestem, c) eastern gamagrass grass-hedge VBS soil and adjacent cropped 
area soil. (• • grass-hedge VBS 15 cm; • • grass-hedge VBS 30 cm; • « 
cropped 15 cm; • « cropped 30 cm; Ct * concentration of atrazine in soil (|ig 
g'^  soil); Ceq « equilibrium solution concentration of atrazine (^ g L'^ )). 
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Figure 6. Sorption and desorption isotherms of big bluestem grass-hedge VBS soil at 15 cm depth. (• = 
observed atrazine concentration in sorption; • = ol>served atrazine concentration in desorption 1; • = 
observed atrazine concentration in desorption 2; solid line = predicted atrazine concentration in 
sorption; dashed line = predicted atrazine concentration in desorption 1; dotted line = predicted atrazine 
concentration in desorption 2). 
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Figure 7. Time course experiments for a) switchgrass thatch, b) big bluestem thatch sorption kinetics. (• = 
means ol>served atiazine concentration in switchgrass thatch; • = means observed atrazine concentration 
in big bluestem thatch; solid line = predicted atrazine concentration in thatch). 
Table 1. Selected physicochemical properties of soil planted with different grass-hedge species and adjacent 
cropped area. 
Grass-hedgef Sand Silt Clay C N BulkDensity pH 
% — gcm"^ 
0-15 cm Depth 
EG 14 62 24 2.12 ±0 .27t 0.15 ±0.01 1.13±0.07 6.4 
EGC 16 60 24 1.80 ±0.20 0.16 ±0.01 1.15±0.05 6.4 
BB 20 52 28 1.63 ±0.29 0.18 ±0.02 1.18±0.11 4.2 
BBC 20 50 30 1.46 ±0.02 0.16 + 0.01 1.18±0.01 4.1 
SG 18 54 28 1.00 ±0.09 0.12 ±0.00 1.40±0.05' 4.7 
SGC 14 58 28 1.04 ±0.15 0.12 ±0.01 1.25±0.05 4.7 
15-30 cm Depth 
EG 18 57 25 1.54±0.18 0.11 ±0.03 1.12±0.02 6.5 
EGC 16 60 24 1.54 ±0.20 0.12 ±0.02 1.15±0.06 6.8 
BB 18 54 28 0.65 ± 0.09 0.09 ± 0.01 1.15±0.07 4.5 
BBC 12 54 34 0.58 ± 0.04 0.08 ± 0.01 1.09±0.12 4.7 
SG 12 60 28 0.29 ± 0.02 0.05 ± 0.00* 1.24±0.02 5.1 
SGC 16 60 24 0.37 ± 0.04 0.06 ± 0.00 1.17±0.04 4.8 
t EG, eastern gamagrass; EGC, cropped area adjacent to eastern gamagrass; BB, big bluestem; BBC, cropped area 
adjacent to big bluestem; SG, switchgrass; SGC, cropped area adjacent to switchgrass. 
t Mean ± standard deviation. 
* Data are compared between grass-hedge VBS soil and adjacent cropped area soil, and significant different at P 
value <0.050 
Table 2. Degradation rate constants (k) and half-lives (tm) of atrazine from grass-hedge VBS and adjacent 
cropped area. 
Grass-hedge4> K day' 11/2, days Yal SSE# 
EG 0.0717 ± 0.0272 10 0.93 8.69 7.85 
EGC 0.0518 + 0.0097 13 0.97 7.97 6.00 
BB 0.0782 ±0.0311 9 0.87 20.83 18.78 
BBC 0.0380 ± 0.0206 18 0.85 24.56 25.47 
SG 0.0441 ± 0.0146 16 0.93 15.77 14.76 
SGC 0.0485 ±0.0111 14 0.97 14.16 8.29 
4* EG, eastern gamagrass; EGC, cropped area adjacent to eastern gamagrass; BB, big bluestem; BBC, cropped area 
adjacent to big bluestem; SG, switchgrass; SGC, cropped area adjacent to switchgrass. 
t Coefficients of determination for non-linear regressions. 
^ Atrazine concentration that degraded very slow over time (^g kg'^ ). 
# Sum of squares due to error. 
Table 3. Atrazine-degrader populations of surface and subsurafce bulk soil taken after days of the addition of 
atrazine. 
Grass-hedget Atrazine-degrader populationst 
Days after atrazine addition 
PwlK gPil -SS. M. 
0-15 cm Depth 
EG 
EGC 
BB 
BBC 
SG 
SGC 
15-30 cm Depth 
EG 
EGC 
BB 
BBC 
SG 
SGC 
366 ± 331 
131± 120 
36 
18 
162 ±207 
213±180 
230 ± 329 
103 ±65 
289 ±425 
48 ±17 
28 ±11 
54 ±24 
- cells g soil 
25133 ±17090* 
2033 ± 862 
4600 ±4160 
780 ± 797 
7300 ± 7554 
2033 ± 635 
4497 ± 4293 
227 ±6 
383 ± 92' 
230 
2167 ±1172 
830 ± 756 
2400 ±819 
2833 ±3109 
2300 ± 0.00 
1387 ±920 
4267 ± 850' 
2063 ±173 
3667 ±317 
3300 ±1600 
1423 ±1497 
487 ±191 
3467 ±3118 
1343 ±986 
3633 ± 2458 
1467 ± 208 
940 ± 697 
520 ± 246 
1867 ±666' 
657 ± 378 
427 ± 85" 
230 ±100 
323 ±12 
197 ±237 
497 ± 290 
350 ±131 
t EG, eastern gamagrass; EGC. cropped area adjacent to eastem gamagrass; BB, big bluestem; BBC, cropped area 
adjacent to big bluestem; SG, switchgrass; SGC, cropped area adjacent to switchgrass. 
t Mean of three-replication ± standard deviation 
Atrazine-degrader populatbns of grass-hedge VBS soil and adjacent cropped area soil are significantly different 
P<0.05 and P<0.10, respectively. 
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Table 4. Freundlich isotherm (Kf ads, 1/n ads) for atrazine adsorption to 
surface and subsurface grass*liedge VBS soil and adjacent cropped soil. 
Grass-hedge Kfi l/ii Koc 
LM: UaLl 
0-15 cm Depth 
EG ^.72t 0.83 0.97 81 
EGC 1.79 0.86 0.98 99 
BB 5.21 0.84 0.99 320 
BBC 5.81 0.86 0.99 398 
SG 2.92 0.85 0.99 292 
SGC 2.54 0.86 0.98 244 
15-30 cm Depth 
EG 1.34 0.89 0.98 87 
EGC 1.23 0.87 0.98 80 
BB 3.29 0.86 0.99 506 
BBC 3.39 0.83 0.99 584 
SG 1.86 0.87 0.97 641 
SGC 2.61 0.86 0.98 705 
t EG, eastern gamagrass; EGC, cropped area adjacent to eastern gamagrass ; BB, 
big bluestem; BBC, cropped area adjacent to big bluestem; SG, switchgrass; SGC, 
cropped area adjacent to switchgrass. 
t Mean of three replications. 
Table 5. Mass balance of atrazine from surface and subsurfece grass-hedge VBS soil and adjacent 
cropped area soil. 
Grass-hedget Mineralized Bound Solvent Recovery 
Extracted 
% of applied — 
0-15 cm Depth 
EG 60± 13 21 8 89 
EGC 47 ±31 28 12 87 
BB 3 ±0.2 67 18 88 
BBC 4 ±0.3 49 17 70 
SG 20 ±1.3 54 13 87 
SGC 32 ±30 45 14 91 
15-30 cm Depth 
EG 39 ± 5.4 25 5 69 
EGC 54 ± 22.7 21 13 88 
BB 7 ±0.9 49 29 85 
BBC 14 ± 22.4 52 16 82 
SG 39 ± 25.5 32 16 87 
SGC 31 ± 28.9 36 24 91 
t EG, eastern gamagrass; EGC, cropped area adjacent to eastern gamagrass; BB, big bluestem; BBC, cropped 
adjacent to big bluestem; SG, switchgrass; SGC, cropped area adjacent to switchgrass. 
t Means of three replications ± standard deviation 
Table 6. Microbial biomass carbon for surface and subsurfece bulk soils and the soils taken after days of 
atrazine addition. 
Microbial biomass cartx>n 
Grass-hedgef 
Days after atrazine addition 
Bulk soils 7 56 98 
mg C kg'^  soil 
0-15 cm Depth 
EG 3651474: 518 ± 108" 690±129" 737±175" 774 ±261" 
EGC 236 ± 49 254 ± 11 199 ± 12 215±108 199 ±61 
88 589 ± 48'* 716 ±126" 998 ± 331 560±107" 543 ± 38* 
BBC 472 ±7 320±111 477 ± 99 200 ± 73 205 ± 20 
SG 291 ± 83 769 ±14^ 703 ±177"* 562 ± 87*' 442 ± 58** 
SGC 172 ±32 248 ± 50 361±105 238 ± 60 205 ± 49 
15-30 cm Depth 
EG 224 ± 52 476±13* 314 ± 75 403 ± 58' 442 ±104* 
EGC 178 ±37 67 ±3 89 ±41 85 ±59 101 ±20 
BB 218 ±21" 276±137" 287 ±155"* 309 ± 65"* 374 ± 76 
BBC 108 ± 70 83 ±56 86 ±39 40 ±32 • 1  
SG 220 ± 18 305±13r 278 ± 97 132 ±61* 112 ±17* 
SGC 71 ± 35 113±28 72 ±57 43 ±19 -
t EG, eastern gamagrass; EGC, cropped area adjacent to eastern gamagrass; BB, big bluestem; BBC, cropped area 
adjacent to big bluestem; SG, switchgrass; SGC,. Cropped area adjacent to switchgrass. 
^ Indicates no sample available. 
*, compared between grass-hedge VBS soils and adjacent cropped area soils, and significant different 
at P value <0.0005, < 0.05 and < 0.100, respectively. 
Table 7. Freundlich coefficients (Kf des, 1/n des) for the desorption isotherms of surfece 
and subsurface grass-hedge VBS soil and adjacent cropped area soil. 
Grass-hedget KfdMli 
Lmg'^  
1/n dMi r  ^ KfdM2i 
Lmg'^  
1/n dM2 r  ^
0-15 cm Depth 
EG 2.164: 0.85 0.97 3.32 0.88 0.94 
EGC 2.05 0.89 0.96 3.46 0.90 0.94 
BB 7.27 0.90 0.99 12.18 0.95 0.99 
BBC 7.77 0.91 0.99 10.80 0.92 0.99 
SG 3.78 0.80 0.98 6.36 0.89 0.98 
SGC 3.51 0.88 0.98 5.81 0.90 0.98 
15-30 cm Depth 
EG 1.99 0.93 0.97 4.35 0.97 0.95 
EGC 1.68 0.90 0.95 3.42 0.93 0.94 
BB 5.00 0.89 0.99 8.85 0.95 0.99 
BBC 5.16 0.87 0.99 9.58 0.83 0.97 
SG 2.92 0.90 0.99 6.05 0.91 0.98 
SGC 3.86 0.90 0.98 7.10 0.94 0.98 
t EG, eastern gamagrass; EGC, cropped area adjacent to eastern gamagrass; BB, big bluestem; BBC, cropped 
adjacent to big bluestem; SG, switchgrass; SGC, cropped area adjacent to switchgrass. 
t Mean of three replications. 
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CHAPTER 4. TRANSPORT AND FATE OF ATRAZINE IN SOIL FROM 
RIPARIAN BUFFER STRIPS 
A paper to be submitted to the Joumal of Environmental Quality 
A. Reungsang, T.B. Moorman, and R.S. Kanwar 
ABSTRACT 
The fate of pesticides entering the Riparian Buffer Strips (RBS) has not been 
well documented. This study determined transport and fate of atrazine in soil of 3, 
5, and 9-year-old switchgrass {Panicum virgatum L) RBS compared to adjacent 
lands cropped to a corn-soybean rotation or alfalfa pasture. Undisturbed soil 
columns were collected from RBS and cropped areas within the Bear Creek 
watershed, near Roland, lA. Atrazine and bromide breakthrough curves obtained 
on intact soil columns were developed and described by a two-region mobile-
immobile transport model. Preferential flow of bromide and atrazine was evident in 
5 and 9-year-old RBS soil, but there was little difference in transport characteristics 
between these two RBS soils and the adjacent cropped soil. There was a trend 
towards an increase in dispersion coefficients between the 5 and 9-year-old sites, 
suggesting an increased degree of preferential flow with increasing RBS age. 
Despite similar texture and organic C contents, atrazine sorption was significantly 
greater in RBS soil than the adjacent cropped soil. Cropped soil degraded atrazine 
faster than the RBS soil. The rapid degradation of atrazine in the com-soybean soil 
adjacent to the 5-year-old RBS (atrazine half-life of 19 days) appeared to be due to 
a larger population of atrazine-degrading microorganisms. Atrazine-degrading 
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microorganisms in the com-soybean soil were 50,940 cells g'^  soil compared with 
2,972 cells g'^  soil in 5-year-old RBS soil which resulted in a 60% mineralization of 
[^^C-UL-atrazine] mineralized in the com-soybean soil. 
Introduction 
Atrazine is the most commonly used herbicide in the USA (Ma and Selim, 
1996). It has been extensively applied to control the broad leaf weeds in com (Zea 
mays L.). Atrazine has been detected in groundwater of many states (Funari et al., 
1995; Hallberg, 1989; Stoltenberg et al., 1990) due to its widespread use for the 
past 30 years. Atrazine concentrations in surface and groundwater close to or 
greater than the Maximum Contaminant Level for drinking water of 3 ^g L'^  
(USEPA, 1990a) are causes of concern for the human and animal health, and 
aquatic ecosystems. 
One of the best management practices for reducing runoff of herbicides to 
the surface water is the use of vegetative buffer strips (VBS) (Arora et al., 1996; 
Fawcett, 1998). These are strips of native or Introduced grasses planted between a 
heriEiicide-treated field and adjacent streams or ponds. Riparian Buffer Strip (RBS) 
are one type of VBS. RBS may consist of dense grasses or grasses in combination 
with shrubs and trees to form the multi-species riparian buffer (Schultz et al., 1995). 
VBS retain contaminants in runoff through interception-adsorption, sediment 
deposition, and/or infiltration (Mickelson and Baker, 1993; Arora etal., 1996). 
Infiltration was found to be the primary mechanism in VBS removal of herbicides 
from runoff (Hall et al.. 1983; Arora et al.. 1996). 
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Grasses may increase infiltration and solute preferential flow due to the 
effects of a perennial root system on soil macropore development and soil structure. 
The movement of chemicals in soil can be greatly impacted by preferential flow. 
Preferential flow can facilitate chemical mobility and increase the potential for 
contamination of shallow groundwater (Kamau et al., 1996). Isensee et al. (1990) 
found that alachlor was detected shortly after its application in no-till soil as a result 
of preferential flow. It has been documented that no-till can sometimes dramatically 
increase water infiltration (Fawcett, 1998). Edwards et al. (1988) found that the 
mnoff was 99% less in a long-term no-tilled field compared to a conventionally till 
field. The decrease in runoff was due to the development of soil macropores in the 
absence of tillage, which increased infiltration. VBS could be analogous to the no-till 
system in the sense that the soils have received little disturbance and leaching of 
pesticides could be rapid due to macropore transport. 
Transport and fate of herbicides in VBS have not received much attention, 
despite the fact that VBS are located very close to both surface water and shallow 
groundwater. In this study we investigated the movement and fate of atrazine in 
RBS soil compare to the cropped area soil. The specific experimental objectives of 
this study were to (i) detemiine the influence of different RBS grasses on atrazine 
movement, and (ii) determine the fate of atrazine in RBS soil. 
Materials and Methods 
The study area is a multi-species riparian buffer strip which was established 
in 1990 along Bear Creek, located approximately 2.4-km north of the town of 
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Roland in Story County, Iowa (Simpkins and Schuitz, 1993). The Bear Creek 
watershed is situated within the Des Moines lobe landscape, the depositional 
remnant of the late Wisconsin glaciation in Iowa (Schuitz et al., 1995). About 87% 
of the watershed is cropped to a corn-soybean rotation (Schuitz et al., 1995). The 
study sites are located on the Risdal and the Strum Farms, located in the southem 
half of the Bear Creek channel system. The three and nine-year-old switchgrass 
buffer strips (ages in 1998) are located adjacent to each other and are next to a 
long-term alfalfa-grass pasture. The RBS is designed as grass-shrub-tree planting 
with the grass band adjacent to the crop land. The Stmm Farm is comprised of the 
five-year-old switchgrass buffer strips (age in 1998) adjacent to a corn-soybean 
rotation. This site is located upstream from the Risdal farm and includes a grass-
shrub-tree RBS. Each grass-shmb-tree buffer is approximately 20-m-wide. 
Soil at these two sites are mapped in the Clarion-Webster-Nicolet association 
with minor areas of Clarion-Storden-Coland and Canisteo-Okoboji-Nicolet 
association (USDA, 1975). The A horizon is typically clay loam or silty clay loam. 
The C horizon ranges from sandy loam to clay loam, but includes layers ranging 
from silty clay to loamy sand (DeWitt, 1984). 
Chemicals. 
Atrazine (99% purity) was purchased from Chem Service. West Chester, PA. 
Uniformly ring-labeled f ^Cjatrazine (3.25 MBq mg'\ 98% radioactivity purity) was 
purchased from Sigma Chemical Co., St. Louis. MO. 
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Atrazine and Bromide Transport Experiments. 
In May 1998, undisturbed soil columns (20 cm in diameter and approximately 
36 cm long) were collected from the 3 and 5- year-old switchgrass buffer strips and 
from the adjacent cropped areas (3 replications each). At each site, the individual 
cores were separated by 5 to 10 m within the RBS and by about 10 m from the 
cores in the cropped area. Undisturbed soil columns (3 replications each) were 
collected in September 1998 from the 9-year-old switchgrass buffer strip and its 
adjacent cropped area. 
Undisturbed soil columns were obtained using a Giddings soil probe to gently 
push steel cylinders downward after clearing plant shoots and residue from the soil 
surface. The Giddings probe was anchored into place and then positioned above a 
steel cap that was placed on top of the column. The probe was brought down onto 
the steel cap, and then the column was pushed gently and steadily into the ground 
until the soil was within 10 cm from the top of the column. The probe was then 
moved away and the steel cap was removed. The column was dug out with spades 
and shovels. The soil column was then shaved flat at the bottom with a knife and 
was placed on styrofoam and plywood. The plywood was taped tightly to the 
column for stability. All columns were kept in the greenhouse and watered as 
needed until they were used in the leaching experiment. Based on the length of soil 
entering the tube, we detennined that compaction ranged from zero to five percent. 
We inspected the columns and found that columns were obtained without cracks. 
Prior to beginning the transport experiment, the soil columns were saturated 
from the bottom with 0.005-M calcium sulfate solution for 24 to 36 hours. After 
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saturation, the soil columns were placed in metal funnels filled with sand and 
allowed to drain overnight. To prevent the preferential flow along the column 
sidewalls, silicone sealant was added around the edge of the column. 
A constant head of 0.005 M CaS04 was maintained with a Mariotte bottle 
an'angement and leached through the column until steady-state flow was obtained. 
After a steady-state flow conditions were reached, the 0.005 M CaS04 was 
replaced with a 9.7-L of water containing 1-mg L'^  atrazine and 400-mg L'^  
potassium bromide (KBr), also using the Mariotte bottle anrangement. The 9.7-L 
volume of atrazine-bromide solution was calculated assuming a crop area to RBS 
ratio of 30 to 1 with 0.5-cm of runoff from the crop. As soon as the atrazine and 
bromide solution infiltrated, 2 pore volumes of 0.005 M CaS04 solution were applied 
to leach out the solutes retained in the soil columns. Leachate samples were stored 
at 4°C and analyzed for atrazine by HPLC (Struthers et al., 1998) and bromide 
concentration by Automated Ion Analyzer (Milwaukee, Wl). Bromide was used as a 
tracer. The comparison of atrazine and bromide in soil columns may provide 
evidence for the mechanisms of transport in soil. 
At 7 and 14 days after the initial leaching experiment, columns were leached 
again with 11-L of water (without atrazine) to simulate another rainfall and run-on 
event. The simulated rainfall volume of 1.25-L was calculated by assuming a 3.8-
cm rainfall (2.1 year retum period in Iowa according to Rainfall Intensity-Duration-
Frequency Curves). Run-on volume (9.70-L) was calculated by assuming the crop 
area to RBS ratio of 30 to 1 with 0.5-cm of mnoff from the crop. All of the leachate 
was collected as one sample and analyzed by HPLC for the atrazine concentration. 
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One week after the second rainfall and run-on event, soil in columns were sectioned 
in 7.5-cm increments, extracted with MeOH and analyzed by GC for the 
concentration of atrazine. 
Atrazine and bromide breakthrough curves (BTCs) were constmcted by 
plotting the relative pore volume (P/Po) against the relative atrazine or bromide 
concentration (C/Co). Po is defined as total pore volume, P is fraction pore volume, 
Co is the initial concentration and C is the fraction concentration of atrazine or 
bromide. Soil porosity for all columns were estimated by using measured bulk-
density and particle density, assumed to be 2.65-g cm'^ . Dispersion coefficients 
(D), mobile porosity (6m), and first order kinetic rate coefficients (a) were estimated 
from the bromide and atrazine BTCs by fitting the BTCs to a two-region mobile-
immobile solute transport equation (van Genuchten and Wierenga, 1976) using a 
computer program VisualBTC (M. Helmke, Iowa State U.). Dispersion coefficients 
and Gm determined for individual columns from bromide BTCs were fixed during the 
analysis of atrazine BTC for the same conresponding columns. We assumed there 
was no sorption of bromide to the soil, therefore the bromide sorption partition 
coefficients (Kd) parameters were set to zero. 
Fate of Atrazine in RBS and Cropped Area Soils. 
Soil samples were collected from the same 3, 5 and 9-year-old switchgrass 
RBS and adjacent cropped areas as the soil columns used in the leaching 
experiments. Three composite samples were obtained using soil probes with a 3-
cm diameter to depths of 0-15 cm and 15-30 cm. Soil was passed through a 2-mm 
sieve and kept at 4" C. Soil textures and water contents at -50-kPa water potential 
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at each depth were analyzed by Midwest Laboratories, Inc. (Omaha, NE). Soil 
moisture content at each depth was determined gravimetrically by oven drying at 
105° C for 24 hours. Total organic carbon and nitrogen were determined by using 
dry combustion methods using a Carlo-Erba NA 1500 NCS elemental analyzer 
(Haake Buchler Instruments, Paterson, NJ). Soil pH was measured in 0.01 M CaClz 
(2:1) soil slurry. 
Atrazine degradation was measured by mixing 50 g of soil sample with an 
atrazine solution to provide a concentration of 1-mg kg'^  soil in closed 0.95-L jars. 
Water potential was adjusted to -50-k Pa and samples were incubated at 25 °C. 
Triplicate samples were taken at 0, 7,14, 28, 59, 71, 91,112 and 133 days and 
analyzed for atrazine concentration using procedures previously described by 
Moomfian et al. (1999). Mean atrazine concentrations were fit to the first order 
kinetic model; C = Coe " or to a modified model C = Coe'"+ Ya. C is the 
concentration of atrazine as a function of time in days (^g kg'^ ), Co is the initial 
atrazine concentration (i^ g kg'^ ), k is a decay rate constant (day*^), t is time (days) 
and Ya is an asymptotic estimate of the concentration of atrazine that degrades very 
slowly over time. The mean concentrations used in the regression were weighted 
with inverse of the squared variance, S'^ . This method helps to compensate for the 
non-constant error structure and improves estimates of the model parameters. 
The f ^ C-UL-ring]-atrazine most probable number (MPN) technique 
(Jayachandran, 1998) was used to determine the atrazine-degrader populations in 
all soil samples. 
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Mineralization of [^^C-UL-ring] was investigated by using soil from the top 
15-cm and the 15-30 cm depth of 3, 5 and 9 year-old switchgrass RBS and their 
adjacent cropped areas and by using the method previously described by 
Reungsang et al. (2000). After the end of the mineralization study (day 133), 
atrazine bound residues were determined by methanol/water (4:1, v/v) extraction, 
and bound residues detennined by combustion in a Biological Oxidizer (R.J. Harvey 
Instrument Corporation, Hillsdale, NJ) and then quantification by Liquid Scintillation 
Spectroscopy (Packard Instrument Company, Meriden, CT) (Reungsang, et al. 
2000). 
Fumigation and direct extraction with 0.5 M K2SO4 (Tate et al., 1988) was 
used to measure soil microbial biomass carbon in soil samples. Organic C in the 
fumigated and non-fumigated extracts was measured using a Dohrman DC-180 
carbon analyzer (Rosemount Analytical Services, Santa Clara, CA) calibrated with 
potassium phthalate standards. The correction factor, k, for calculating microbial 
biomass carbon was found to be equal to 0.33 (Sparling and West, 1988). 
Adsorption isotherms of surface and subsurface soil from switchgrass RBS 
and cropped area were determined by conducting batch equilibrium experiments 
using the method described by Reungsang et al. (2000). 
Data were analyzed by means of analysis of variance (ANOVA) (SAS 
Institute. Inc. 1982). Differences between means of switchgrass RBS soil and 
cropped area soil were determined by Fisher's protected least significant difference 
test. 
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Results and Discussion 
Properties of soils from RBS and cropped sites (both surface and 
subsurface) are shown in Table 1. The sandy loam textures are very similar at all 
RBS and cropped sites soil, which suggests that the different aged switchgrass 
stands were established on similar soil. Soil pH ranges from 5.2 to 6.7 with the 
lowest pH in the 9-year-old RBS surface and subsurface soil and the adjacent 
alfalfa pasture soil. Organic carbon, as expected, decreases with depth, but there is 
no consistent trend In organic C with increased age of the switchgrass. 
Transport Experiment. 
The shape of BTCs can Indicate preferential flow. This is indicated with a 
skewed shape with early initial breakthrough, a sudden jump to the peak 
concentration, or a sharp drop to a low concentration and tailing. Other researchers 
also found a similar BTCs for nonreactive solutes (Seyfried and Rao, 1987; 
Kluitenberg and Horton, 1990; and Singh and Kanwar, 1992). The skewed shape 
and the tailing of BTC indicated nonequilibrium transport of Nicosulfuron in some 
Iowa and Brazilian soils (Gonzalez and Ukrainczyk, 1999). Previous research 
showed that early tracer breakthrough in an undisturbed soil column was indicative 
of preferential flow due to macropores (Kanchanasut, 1978; Bouma and Wdsten, 
1979). 
Undisturbed soil columns from 5- and 9-year-old RBS and adjacent cropped 
areas were used as experimental units for comparing atrazine transport in RBS and 
cropped area soil. Physical and hydraulics properties for all soil columns are 
presented in Table 2. Both bromide and atrazine BTCs for all columns indicate 
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preferential flow (Figure 1). Early initial breakthrough of atrazine and bromide are 
seen in all columns. Bromide and atrazine in the leachate reach C/Co of 0.5 well 
before one pore volume (Table 3 and Table 4). We observe that the initial 
breakthrough values of bromide in all columns are lower than the initial 
breakthrough values of atrazine. This difference is related to the fact that bromide 
is a non-adsorbed solute, and therefore it leaches faster than atrazine. 
Representative bromide and atrazine BTCs are shown in Figure 1. These 
BTCs are described by a two-region mobile-immobile solute transport model 
developed by van Genuchten and Wagenet (1989). The coefficients of 
detemiination, r^, range between 0.90-0.99 and indicate a good fit of the data to a 
two-region mobile-immobile solute transport model. For atrazine BTCs, we used D 
and 6m values obtained from bromide BTCs and estimated the a and Kf values. 
Retardation factors (R) (Table 3) were calculated from the equation: R = 1 + Kdp/G; 
where p is bulk density (kg m'^ ), Kd is the sorption coefficient (L kg'^ ) and 6 is 
volumetric water content (cm^ cm'^ ). 
Macropore flow can be represented by the mobile-immobile transport model. 
Mobile porosity is the fraction of total porosity that contributes to solute transport 
(van Genuchten and Wierenga, 1976; Gaudet et al., 1977). Immobile pore water 
fractions increase with increasing macropore flow (Singh and Kanwar, 1992). Our 
analysis of bromide BTCs show the immobile pore water fraction in the 5-year-old 
RBS soil columns (Table 4) is significantly larger (P<0.05) than that in corn-soybean 
soil columns, indicating a greater macropore flow in 5-year-old soil than com-
soybean soil. Average D values of 5-year-old RBS soil are larger than D of the 
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corn-soybean soil (Table 4), but the values are not significantly different, indicating 
a higher degree of hydrodynamic dispersion in RBS soil. Hydrodynamic dispersion 
is a consequence of widely ranged pore-water velocities indicating preferential flow 
through macropores (Singh and Kanwar, 1992) which also confirms that 5-year-old 
RBS have a greater degree of preferential flow in comparison with the cropped 
area. The annual tillage in the corn-soybean system probably destroys some 
macropores. Solution fluxes (Table 2) of 5-year-old RBS and corn-soybean soil 
columns are similar, suggesting that macropores in the 5-year-old RBS soil are 
more important in water movement in comparison with the cropped soil. 
In general, 9-year-old RBS soil columns have the same degree of the 
preferential flow as those from the adjacent cropped area soil columns (from alfalfa 
pasture) as indicated by similar amounts of immobile pore water and the same 
magnitude of D values from bromide BTCs (Table 4). Zins et al. (1991) found that 
alfalfa roots caused some preferential flow of water and atrazine through soil 
columns. Meek et al. (1992) reported that alfalfa roots could increase the infiltration 
rate by reforming macropore channels that were destroyed by tillage. Therefore, 
rapid flow in this alfalfa pasture soil probably resulted from preferential flow caused 
by alfalfa root channels. 
Despite the fact that immobile pore water from bromide BTCs for 5 and 9-
year-old RBS are not different, we observe that there is a trend toward increase in D 
values between 5 and 9-year-old sites (Table 4), suggesting increased preferential 
flow with increasing RBS age. A lower bulk density in 9-year-old RBS soil and the 
better establishments of roots and more root channels in 9-year-old RBS in 
comparison with the 5-year-old RBS may cause this effect. These results imply that 
older RBS have a greater chance of solutes moving deeper through the soil profile, 
resulting from a greater degree of a preferential flow. 
The preferential flow in RBS soil columns probably result from rapid flow 
through root holes, wormholes and macropores. Bharati (1997) found that lower 
root densities of switchgrass in spring (June) resulted in root holes due to root 
death. Our soil columns were collected in late May of 1998. Previous researchers 
also have shown that perennial vegetation can increase soil infiltration (Low and 
Stuart, 1974; Carter et al., 1994; Broersma et al., 1995) due to the presence of large 
number of root channels. 
We conducted column transport experiments on the 3-year-old RBS and the 
adjacent cropped soil, but the 3-year-old RBS columns produced very little leachate 
after 6 weeks. We resampled this buffer strips and obtained similar results. The 
analysis of 3-year-old soil from the columns show that about 30% of applied 
atrazine was retained in the soil. 
Kf values obtained by fitting the atrazine BTCs to the model (Table 3) are 
lower than the Kf values from the batch experiment (Table 5). These results are 
consistent with other investigations where the Kd from column experiments was 
lower than Kd from batch experiments (Gonzalez and Ukrainczyk, 1999). Selim and 
Amacher (1997) explained that the Kd values from column experiments should be 
lower than Kd from batch experiment because: (1) the solute and the sorbent are 
not in direct contact as in a batch experiment, (2) the equilibration time is shorter 
than the batch experiment the tubes were shaken 48 hours in batch experiment to 
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make sure the equilibrium was reached, but the time to run an atrazine pulse in the 
columns is about 6 to 10 hours, (3) desorbed solutes can be removed from the 
column experiment in leachate, but desorbed solutes can reabsorb in the batch 
experiment, and (4) the constant shaking in a batch experiment can increase the 
effective surface area of the sorbent resulting in a higher sorption of solute to the 
soridents. 
Atrazine Retention in Soil. 
Atrazine distribution in soil after two simulated rainfall events is presented in 
Figure 2. The five-year-old RBS soil retains greater average amount of atrazine in 
the upper part of the soil (0-7.5 cm soil depth) than in the 15-30 cm depths. On the 
other hand, soil from a com-soybean field adjacent to 5-year-old RBS retains more 
atrazine in the 22.5-30 cm depth than in the 0-22.5 cm depth. The nine-year-old 
RBS soil also retains a greater amount of atrazine in the soil surface (0-7.5 cm) than 
in the deeper part. Soil from the alfalfa pasture adjacent to the 9-year-old 
switchgrass RBS have a lower amount of atrazine in the soil surface compared to 
the 9-year-old RBS. These soils also have a higher amount of atrazine in the lower 
depth than in the upper depth. It is also possible that the greater amount of atrazine 
was retained in the RBS surface soil due to the greater adsorption of atrazine by the 
switchgrass soil. 
The columns were leached with water (without atrazine) to determine if 
atrazine retained in the soil columns could be released. This was done 1 week and 
2 weeks after the transport experiment by applying a total volume of 11-L of water 
(without atrazine). Less atrazine is in the leachate from RBS soil columns than in 
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leachate from cropped area soil columns. Approximately less than 5% of applied 
atrazine is detected in the leachates from 5 and 9-year-old RBS soil columns after 
two rainfall events (Table 6). About 10% of applied atrazine are detected in the 
leachate from cropped area adjacent to 5 and 9-year-old RBS soil columns. 
However, there are no significant differences in the atrazine amounts released from 
RBS and cropped area soil columns. These data show that the higher amount 
atrazine is retained in RBS soil in comparison with the cropped area soil (Table 6). 
This indicates that there is less risk that atrazine will contaminate shallow 
groundwater after it infiltrates through the RBS compared to the risk of leaching in 
cropped soil. 
Adsorption of Atrazine. 
Atrazine sorption isotherms from batch equilibrium experiments are shown in 
Figure 3. The isotherms are well described by the Freundlich equation; 
Cs = KfCeq^^", where Cs is the atrazine concentration in soil (mg kg'^  soil), Ceq is the 
atrazine concentration in aqueous phase (mg L'^ ), Kf is a sorption partition 
coefficient (Freundlich isothemn), and 1/n is an empirical constant. The coefficient 
of determination, r^, is found to be 0.99 for these isotherms. 
Surface soils from the cropped area adjacent to 3,5 and 9-year-old RBS 
have significant lower Kf values in comparison with the RBS soil (Table 5). The 
com-soybean soil has the lowest organic C, and the largest organic C content is in 
the 5-year-old RBS, suggesting that C accumulation is beginning to occur. Since 
atrazine sorption is generally correlated to organic C contents, future increases in 
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soil C will increase atrazine sorption, which will further increase the retention of 
atrazine. 
The Kf values decrease with depth. Lower Kf values at a deeper depth are 
probably due to a lower organic carbon at that depth. This is in accord with Seybold 
et al. (1994) and Reungsang (2000), who found that sorption of atrazine declines 
with depth and corelates with organic carbon. 
Atrazine Degradation. 
Dissipation of atrazine is shown in Figure 4. Atrazine is degraded more 
quickly in the soil from the corn-soybean rotation than the adjacent switchgrass 
RBS, or the 9-year-old RBS, or the alfalfa pasture (Figure 4). The shortest half-life 
of atrazine (Table 7) and the highest mineralization rate of ^^C-atrazine is found in 
surface and subsurface soils of the corn-soybean rotation located adjacent to 5-
year-old RBS (Figure 5). The greater degradation rates of atrazine in corn-soybean 
soil are due to a larger population of atrazine-degrading microorganisms presence 
in the soil (Table 8). Rapid biodegradation results in lower amounts of extractable 
atrazine (Table 9). Recoveries of from all soils are in the range of 59 to 92 % 
(Table 9). with an average recovery of 77%. Recoveries are lower than 100% may 
be due to lost in the process of passing these samples through CI 8 catridges. 
Efficiency extractions done after the experiment indicate an average recovery of 
75% of in methanol extracts by the CI 8 columns. The more the atrazine is 
mineralized; the lower is the recover rate in the fonri of ^^C bound residue or ^^C 
solvent extractable (Table 9). More frequent exposure of the microorganisms in the 
corn-soybean soil to atrazine may sustain a larger population of atrazine degraders. 
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which is supported by another previous study in iowa (Jayachandran et al., 1998). 
The degradation of atrazine in RBS soil may depended upon microbial activity in the 
rhizosphere. The greater enzyme activity in the rhizosphere by root-associated 
microorganisms and roots may enhance degradation of pesticides in rhizosphere 
soil (Nedumpara et al., 1999). 
The atrazine half-lives in the alfalfa pasture adjacent to 3 and 9-year-old RBS 
surface soil are identical, but differ slightly for the subsurface soils (Table 7). These 
soils also show the same mineralization rate (Table 9). This is due to the fact that 
these soils were collected from the same field and have the same crop history. 
We find a positive correlation between atrazine mineralization and population 
of atrazine degraders, ^ = 0.72, suggesting that the number of atrazine degraders 
can be used to predict the persistence of atrazine in the soil environment. This is in 
agreement with the results obtained by Jayachandran et al. (1998) who also found 
that mineralization of [^^C-ethyl]-atrazine was positively correlated with atrazine-
degraders population. 
Microbial biomass carbon decreases with depth (Table 8). The higher 
biomass cartx)n in surface soil may be due to the accumulation and decomposition 
of plant residues at the soil surface and a greater rhizosphere effect near the 
surface. We observe that microbial biomass carbon does not increase with the 
RBS age (Table 8). The alfalfa pasture soil adjacent to 3 and 9-year-old RBS have 
a different microbial biomass carbon even though these soils are collected from the 
same field. 
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Conclusions 
Riparian Buffer Strips (RBS) receive atrazine in runoff water from adjacent 
agricultural areas. The key function of RBS is to remove atrazine from the runoff 
through infiltration and sorption. Soil with a larger number of macropores could 
result in rapid infiltration of atrazine from the runoff water. Perennial grasses, like 
established grasses in RBS zone, and the lack of tillage disturbance create soil 
conditions for increased infiltration. This study investigated atrazine transport 
characteristics and the fate of atrazine for two different soils having two ages of 
switchgrass RBS In comparison with the adjacent cropped areas. In general, the 
results of this study indicate that RBS soils and their adjacent cropped area soils 
have similar transport characteristics in terms of the indication of preferential flow 
through all soil columns. However, when atrazine transport through 5 (or 9)-year-
old RBS was compared with 3-year-old RBS, an increased preferential flow was 
related to the age of the RBS. Preferential transport increase the capacity of RBS 
to infiltrate more runoff, but would also increase the potential leaching of atrazine to 
groundwater. 
Degradation of atrazine is slower under switchgrass RBS compared to the 
adjacent cropped soil, suggesting an increase in the potential leaching of atrazine to 
groundwater. The overall results of this study suggest that the microbial 
communities in RBS responsible for atrazine degradation may have become less 
effective over time, possibly due to receiving only intermittent exposure to atrazine. 
Despite similar texture and organic C contents, atrazine sorption in soil from 
switchgrass RBS are significantly greater than the soil from pasture or com-
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soybean cropped areas, and the total atrazine retention Is found to be greater In 
RBS soil. Greater sorption would lessen the potential leaching of atrazine to 
groundwater. 
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Figure 1. Breakthrough curves for a) 5-year-old switchgrass RBS soil and b) corn-soybean soil, replicate 2. 
• = bromide, • = atrazine, solid lines indicate model prediction. 
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Figure 2. Atrazine distribution in RBS soil and adjacent cropped area soil 
column after transport experiment and two simulated rainfoll events. 
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Figure 3. Sorption isotherms (solid lines) for soil from a) 3-year-old, b) 5-year-
old, c) 9-year-old RBS and adjacent cropped area. (• • RBS15 cm depth; • > 
RBS 30 cm depth; • • cropped area 15 cm depth; • • cropped area 30 cm 
depth; C. "concentration of atrazine in soil (^ g g'^  soil); C«q • equilibrium 
solution concentration of atrazine (^ g L'^ )). 
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Figure 4. Dissipation of atrazine in a) 3-year-oid, b) 5-year-oid, and c) 9-year-
old RBS soil and adjacent cropped area soil. (• • RBS15 cm depth; • • RBS 
30 cm depth; • « cropped area 15 cm depth; • • cropped area 30 cm depth; 
lines • atrazine concentration in each soils fitted to the first order kinetic 
model). 
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Figure 5. H/lineralization of [^ ^C4JL-ring]-atrazine in a) 3-year-old, b) 5-year-old, 
c) 9-year-old RBS toils and adjacent cropped area soil. (• « RBS 15 cm 
depth; • « RBS • 30 cm depth; • > cropped area 15 cm depth; • « cropped 
area 30 cm depth). 
Table 1. Physical and chemical of soils collected from switchgrass RBS and adjacent cropped areas. 
Sites Depth Sand Silt Clay Ct Nt pH Bullc 
density 
cm % gem'' /O 
3-yr-old switchgrass 0-15 70 22 8 2.82±0.66 0.2510.05 6.49 1.21 
Alfalfa 70 20 10 2.3310.69 0.2010.06 6.36 1.28 
5-yr-old switchgrass 76 14 10 2.36±1.10 0.2110.09 6.35 1.31 
Com-Soyt>ean 76 14 10 0.71 ±0.24 0.0710.02 6.26 1.54 
9-yr-old Switchgrass 66 22 12 2.19±0.33 0.1910.02 5.24 1.21 
Alfalfa 64 24 12 2.46±1.15 0.2110.10 5.29 1.24 
3-yr-old switchgrass 15-30 71 15 14 1.30±0.16 0.1110.02 6.58 1.63 
Alfalfa 70 18 12 1.86±0.59 0.1710.05 6.69 1.66 
5-yr-old switchgrass 80 10 10 0.95±0.42 0.0910.04 6.19 1.72 
Com-Soyt)ean 74 16 10 0.7810.23 0.0710.02 6.18 1.65 
9-yr-old switchgrass 62 24 14 1.2410.21 0.1110.02 5.29 1.28 
Alfalfa 66 20 14 2.0410.85 0.1810.08 5.31 1.27 
t Mean and standard deviation of three replicate measurements. 
Table 2. Soil physical properties and hydraulic properties for intact soil columns from switchgrass RBS and 
adjacent cropped areas. 
Vegetation Replication Pore water 
velocity 
Pore volume Solution fluxt 
cm hr'' mL cm hr'^  
5-yr-old switchgrass 1 13.76 4222 5.90 
2 9.07 4635 4.18 
3 1.48 3774 0.58 
Mean 8.10 ±6.2 4210 ±431 3.56 ± 2.70 
Corn-Soybean 1 3.74 4109 1.48 
2 10.25 3602 3.67 
3 8.20 4633 3.53 
Mean 7.40 ± 3.33 4115±516 2.92 ±1.22 
9-yr-old switchgrass 1 3.07 5320 1.69 
2 11.67 5288 6.44 
3 34.35 5535 17.86 
Mean 16.36 ±16.16 5381 ±134 8.68 ± 8.32 
Alfalfa 1 0.60 5067 0.32 
2 6.72 4796 3.35 
3 14.57 5472 7.88 
Mean 7.30 ± 7.00 5112 ±340 3.85 ± 3.82 
t Solution flux (q) = Q/(A*t). where Q Is flow rate (mL mln'^ ), A is the area of the column (cm^) and t is time (min) 
Table 3. Estimated parameters for atrazine breakthrough curves. 
Vegetation Replication a+ Kf* R+ Initial 
breakthrough 
sec'\ xlO® Lkg' pore volume 
5-yr-old switchgrass 1 3.81 0.36 2.24 0.10 
2 4.11 0.82 3.54 0.43 
3 1.87 2.32 10.62 0.03 
Mean 3.26 ±1.22 1.16 ± 1.03 5.47 ± 4.51 0.19 ±0.21 
Com-Soybean 1 2.43 1.79 8.07 0.03 
2 3.64 0.73 4.46 0.45 
3 1.91 0.59 3.05 0.45 
Mean 2.66 ± 0.89 1.04 ±0.66 5.20± 2.59 0.31 ± 0.24 
3-yr-old switchgrass 1 44.80 2.26 5.92 0.09 
2 2.40 0.43 2.03 0.24 
3 2.80 0.40 1.99 0.04 
Mean 16.70 ±2.43 1.03 ± 1.06 3.31 ± 2.26 0.12 ±0.10 
Alfalfa 1 0.29 0.73 2.65 0.24 
2 0.72 0.33 1.89 0.04 
3 0.13 1.26 3.82 0.03 
Mean 0.34 ± 0.35 0.77 ± 0.45 2.79 ± 0.97 0.10 ±0.12 
• First order kinetic rate coefficient. Estimated from atrazine breakthrough curves. 
• Sorption coefficient (L kg'^ ). Estimated from atrazine breakthrough curves. 
+ Retardation factor values were calculated from the formula R = 1 Kdp/6. where p is bulk density (kg m'^ ), Kd 
estimated sorption coefficient from atrazine BTCs (L kg'^ ) and e is volumetric water comntent (cm^ cm'^ ). 
Table 4. Estimated parameters for bromide breaktlirough curves. 
Vagtttation Replication ot a+ Initial 
breakthrough 
m' iec'\ xlO"* %of0, sec'\ xlO"* pore volume 
5-yr-old switchgrass 1 8.63 53.49 46.51 0.18 0.03 
2 4.86 19.57 80.43 0.87 0.17 
3 0.59 28.21 71.79 96.0 0.03 
Mean 4.70 ± 4.02 33.75 ± 17.63 66.25 ± 17.63' 32.40 ± 0.08 ± 0.08 
55.10 
Com-Soybean 1 0.31 80.00 20.00 0.0084 0.03 
2 0.73 61.11 38.39 2.93 0.14 
3 1.51 72.09 27.91 0.11 0.25 
Mean 0.86 ± 0.61 71.07 ±9.49 28.93 ± 9.49 1.02 ± 1.66 0.14 ±0.11 
9-yr-old switchgrass 1 2.02 50.91 49.09 0.03 0.07 
2 58.0 56.60 43.40 3.73 0.17 
3 33.8 21.15 78.85 2.04 0.01 
Mean 31.05 ±28.11 42.89 ± 19.04 57.11 ± 19.04 1.93 ± 1.85 0.08 ± 0.08 
Alfalfa 1 0.08 44.44 55.56 0.05 0.02 
2 2.95 26.53 73.47 1.06 0.04 
3 3.9.9 33.33 66.67 0.31 0.03 
Mean 14.0 ± 22.2 34.77 ± 9.04 65.23 ± 9.04 0.48 ± 0.53 0.03 ± 0.01 
t Dispersion coefficient. Estimated from bromide breakthrough curves, fixed for atrazine breakthrough curves. 
* Mobile porosity. Estimated from bromide breakthrough curves. 
+ Immobile porosity values were calculated from immobile porosity = total porosity - nrK>bile porosity. 
* First order kinetic rate coefficient. Estimated from bromide breakthrough curves. 
* Mean immobile pore water fraction of the 5-year-old soil columns was significantly different from mean immobile 
pore water fractk>n of adjacent com-soyt>ean soil columns at p<0.05. 
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Table 5. Atrazine retained in soil columns following transport experiment and 
loss in leachate from simulated rainfall seven and fourteen days later. 
Vegetation Atrazine retainedt Atrazine released 
% of application 
5-yr-old switchgrass 55 ± 20 5 ± 3 
Corn-Soybean 66 ±18 9i4 
9-yr-old switchgrass 36 ± 27 5 ± 3 
Alfalfa 39 ±17 11 ±6 
t Average of three replications ± standard deviation. 
Table 6. Freundlich isotherm (Kf ads, 1/n ads) and Koc values for atrazine 
adsorption to surface and subsurtace RBS soiland adjacent cropped area 
soil. 
Vegetation Depth K,t 1/n Koct 
cm Ll<g-' L kg " OC 
3-yr-old switchgrass 0-15 3.64* 0.82 129 
Alfalfa 3.10 0.86 133 
5-yr-old switchgrass 1.66* 0.84 70 
Com-Soybean 1.19 0.89 168 
9-yr-old switchgrass 3.32* 0.96 152 
Alfalfa 2.85 0.84 116 
3-yr-old switchgrass 15-30 2.05 0.83 158 
Alfalfa 2.45 0.82 132 
5-yr-old switchgrass 0.93 0.88 98 
Com-Soybean 1.43 0.86 183 
9-yr-old switchgrass 2.22 0.83 179 
Alfalfa 2.20 0.79 108 
t Mean of three replications. 
* Data were compared between switchgrass RBS soils and adjacent cropped soils, 
and significantly different at P value < 0.050. 
t Soil organic carbon coefficients (Koc) were calculated from the equation: 
Koc = (K(/%OC)*100 where Kf is the sorption partition coefficient (L kg'^ ) and 
%0C is % organic carbon. 
Table 7. Degradation rate constants (k) and half-lives (tm) of atrazine from RBS and adjacent cropped 
area soils. 
Vegetation Depth k + tint Y.H SSE# 
cm day"  ^ days ng fcg ^ 
3-yr-old switchgrass 0-15 0.0134 ±0.0012 52 0.95 - 70.41 
Alfalfa 0.0252 ± 0.0049 28 0.97 95.48 7.77 
5-yr-old switchgrass 0.0244 ± 0.0022 28 0.94 - 21.48 
Com-Soybean 0.0373 ± 0.0045 19 0.94 - 191.32 
9-yr-old switchgrass 0.0176 ± 0.0008 39 0.97 - 0.0000008 
Alfalfa 0.0254 ± 0.0052 27 0.97 116.99 42.57 
3-yr-old switchgrass 15-30 0.0057 ±0.0013 121 0.77 . 11.31 
Alfalfa 0.0081 ±0.0010 85 0.91 - 80.24 
5-yr-old switchgrass 0.0269 ± 0.0015 26' 0.98 - 8.21 
Com-Soybean 0.0490 ± 0.0058 14 0.95 _ 183.92 
9-yr-old switchgrass 0.0148 ± 0.0019 47 0.90 - 22.18 
Alfalfa 0.0114 ±0.0005 61 0.99 - 15.24 
+ Mean of three replications ± standard deviation. 
t Mean of three replications. 
4* Coefficients of determination for non-linear regressions. 
^ Atrazine concentration that degraded very slow over time. 
# Sum of squares due to error. 
* Data are compared t>etween switchgrass RBS soils and adjacent cropped soils, and significantly different at 
P value < 0.050. 
103 
Table 8. Atrazine-degrader populations and microbial biomass carbon in 
surface and subsurfece RBS soils and adjacent cropped area soils. 
Vegetation Depth Atrazine- Microbial 
degrader biomass carbon  ^
populatlonst 
cm cells g'^  soil mg C kg'^  soil 
3-yr-old switchgrass 0-15 6649 ± 4958 758 ± 359 
Alfalfa 2926 ±2716 855 ± 28 
5-yr-old switchgrass 2972 ± 3198* 408 ±174 
Corn-Soybean 50940 ± 35836 230 ±7 
9-yr-old switchgrass 310 ±161 343 ±45 
Alfalfa 1125 ±1654 486 ± 29 
3-yr-old switchgrass 15-30 546 ± 678 341 ± 63 
Alfalfa 102 ±35 370 ±48 
5-yr-old switchgrass 771 ±812* 198 ±152 
Corn-Soybean 11331 ±1642 72 ±3 
9-yr-old switchgrass 1141 ±1330 322 ±107 Alfalfa 370 ± 389 206 ±12 
1.1 Mean of three replications ± standard deviation. 
* Data were compared between switchgrass RBS soils and adjacent cropped area 
soils, and significantly different at P value <0.050. 
Table 9. Mass balance of atrazine from surfece and subsurfece RBS soil and adjacent cropped area soil. 
Vegetation Depth Mineralized  ^ Bound Solvent 
Extracted 
Recovery 
cm % of applied C 
3-yr-old switchgrass 0-15 1 ± 0.2* 32 46 79 
Alfalfa 4 ± 1  35 40 79 
5-yr-old switchgrass 12 ±10* 28 31 71 
Corn-Soybean 60 ±5 8 3 71 
9-yr-old switchgrass 2 ±0.3 36 34 72 
Alfalfa 3 ± 2  36 30 69 
3-yr-old switchgrass 15-30 2 ± 1  17 59 78 
Alfalfa 2± 1 22 50 74 
5-yr-old switchgrass 10 ±3* 25 39 74 
Com-Soyt)ean 49 ±8 10 6 65 
9-yr-old switchgrass 3 ± 2  30 35 68 Alfalfa 2 27 29 58 
t Means of three replications ± standard deviation. 
* Data are compared between switchgrass RBS soil and adjacent cropped soil, and significantly different at 
P value < 0.050. 
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CHAPTER 5. PREDICTION OF ATRAZINE FATE IN RIPARIAN BUFFER STRIPS 
SOILS USING THE ROOT ZONE WATER QUALITY MODEL 
A paper to be submitted to Transactions of the ASAE 
A. Reungsang, T.B. Moorman, and R.S. Kanwar 
ABSTRACT 
The Root Zone Water Quality Model (RZWQM) was used to simulate the 
movement of atrazine after entry into switchgrass {Panicum virgatum L.) Riparian 
Buffer Strips (RBS). A multi-species RBS located along Bear Creek, approximately 
2.4 km north of Roland, Iowa, was used as the basis for model inputs and 
simulation. Atrazine entered the RBS at rates representing atrazine loss in runoff of 
1, 3, and 5% of a 1.5-kg ha'^  application to an adjacent cornfield. Water equivalent 
to runoff depths of 0.125,0.25 and 0.5-cm from the adjacent cornfield was added to 
the natural rainfall to allow the model to simulate surface water entering the RBS. 
RBS retained about 79-94% of atrazine in runoff from the adjacent cornfield. The 
RZWQM predicted very low atrazine concentrations in seepage (< 3-^g L'^ ). 
Atrazine loss in runoff leaving the RBS was most sensitive to macropore size and 
plant residue, but less sensitive to soil organic matter content. At macropore sizes 
larger than 0.01-cm there was no atrazine in runoff leaving the RBS. Plant residue 
mass was directly proportional to atrazine loss in runoff. In contrast, organic matter 
content was inversely proportional to atrazine loss in runoff. In conclusion, the RBS 
showed the ability to trap the pesticide in runoff from the adjacent agricultural area. 
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The RZWQM needed more improvement in pesticide leaching transport, and 
pesticide loss in runoff components. 
Introduction 
Riparian buffer strips (RBS) are considered to be one of the best 
management practices to reduce the non-point source pollution from agricultural 
production (Arora et al., 1996; Fawcett, 1998). RBS are located between the water 
body and agricultural areas and have several beneficial effects (Debano and 
Schmidt, 1989), such as the stabilization of stream banks, and removal of sediment, 
nutrients (N and P), and pesticides from the surface runoff (Lowrance et al., 1984b; 
Cooper and Gilliam, 1987). 
Atrazine (6-chloro-/V-ethyl-/V- (1-methylethyl)-1,3,5-triazine-2,4-diamine) has 
been extensively used in the com (Zea Mays L) production and is frequently 
detected in the surface water and groundwater. Atrazine concentrations in surface 
and groundwater close to or greater than the Maximum Contaminant Level (MCL) 
for drinking water of 3-^g L'^  (USEPA, 1990a) are causes of concern over the 
human and animal health. 
Fate of pesticides in the environment can be monitored in field studies over a 
long period of time. Computer simulation modeling is an interesting alternative to 
field studies since simulations take less time, are more economic (less costly) and 
do not rely on the weather. There are many existing models that can be used to 
simulate the persistence and the movement of chemicals in the soil profile, including 
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the Pesticide Root Zone Model (Carsel et al., 1984) and the Groundwater Loading 
Effects of Agricultural Management Systems Model (Leonard et al., 1987). 
Erosion control by vegetative buffer strips was tested for the effectiveness by using 
Chemical, Runoff, and Erosion from Agricultural Management Systems (CREAMS) 
(Williams and Nicks, 1988). Their results revealed that CREAMS could be used as 
a tool for evaluating filter strip effectiveness in reducing sediment yields. 
Root Zone Water Quality Model (RZWQM) is a one-dimensional model 
developed by USDA to simulate the chemical, physical, and biological processes in 
the root zone (USDA-ARS, 1994). RZWQM has a pesticide behavior component 
that can be used to simulate transport processes in the soil-crop-atmosphere 
system. The effectiveness of RZWQM in simulating the pesticide movement in the 
soil profile had been studied by number of researchers. For example, RZWQM was 
found to effectively simulate distribution and movement of atrazine in the soil profile 
of Watklnsville, Georgia (Ma et al., 1995). Kumar et al. (1998) reported that 
RZWQM showed good potential for simulating atrazine losses with subsurface drain 
water as affected by tillage practice. Research by Azevedo et al. (1997) 
demonstrated that RZWQM con-ectly predicted depth of atrazine penetration, but 
overpredicted atrazine concentration in an Iowa soil profile. Recently, number of 
researchers evaluated RZWQM using field-measured data from various sites 
(Farahani et al., 1999; Ghidney et al., 1999; Jaynes and Miller, 1999; Landa et al., 
1999; Martin and Watts. 1999; Wu et al., 1999). In general, the researchers were 
satisfied with RZWQM performance, but some suggestions were made to improve 
the model perfonnance. For example. Jaynes and Miller (1999) evaluated RZWQM 
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performance against crop yield and water, nitrate, and herbicide fate and transport 
during four years of a corn-soybean rotation at an Iowa MSEA site. They suggested 
that RZWQM needed further evaluation over a wide range of conditions to 
thoroughly test its robustness. Ghidney et al. (1999) suggested that RZWQM 
should include the capability to predict variable soil cracking based on soil moisture 
to improve the predictions of agricultural losses to runoff and seepage. 
Previous research has shown that the use of RZWQM for simulating the 
pesticide and movement in the soil profile produces reasonable results. However, 
there is no research using RZWQivi or any existing model to simulate the movement 
of pesticides within the RBS. The objectives of this study were to use RZWQM as a 
tool to predict the efficiency of the RBS removal of atrazine and atrazine fate after 
entering the RBS. The simulations utilized measured and estimated data from a 
field site in central Iowa in conjunction with local weather scenarios. Some input 
parameters were estimated from the literature. The movement of atrazine in the 
RBS soil profile was examined under a worst-case scenario, where intense rainfall 
generated varying amounts of atrazine loss in runoff from the cornfield to the RBS. 
Materials and Methods 
Site Description. 
The multi-species riparian buffer strip located along Bear Creek, 
approximately 2.4 km north of the town of Roland in Story County, Iowa, (Simpkins 
and Schultz, 1993) was used as the basis for model inputs and simulation. The 
Bear Creek watershed is situated within the Des Moines Lobe landscape, the 
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depositional remnant of the late Wisconsin glaciation in Iowa (Schultz et al., 1995). 
The five-year-old switchgrass buffer strips (age in 1998) and cropped areas (corn-
soybean rotation) are located on the Strum Farni in the southern half of the Bear 
Creek channel system. 
The elevation of the site is 318 m. The aspect from true north is 200 degrees 
and the latitude is 42 degrees. The slope of the field is 5.71 degrees. These values 
were estimated by GIS (ArcView Version 3.2) based on the USGS Digital Elevation 
Model Data. 
Meteorological Data. 
Climatic data for the Bear Creek site were not available. Therefore, we used 
Walnut Creek meteorological data, which is located about 30 km from the Bear 
Creek site. RZWQM requires breakpoint rainfall data. Breakpoints are obtained 
from the data where there is a substantial change in slope of the graph plotted 
between cumulative rainfall and time. Figure 1 shows 1993 daily rainfall in Walnut 
Creek watershed, which is 30 km south of Bear Creek. These data were provided 
by D.B. Jaynes (personal communication). 
The model requires daily air temperature (minimum and maximum), wind 
speed, short wave radiation, and relative humidity data. Figure 2 shows the 
average monthly temperature at the study site. These data were also provided by 
D.B. Jaynes (personal communication). 
The model requires the albedo of dry soil, albedo of wet soil, albedo of crop 
at maturity, and albedo of fresh residue. Albedo is the refraction of incoming solar 
radiation reflected by the surface. Albedo dry and wet values, 14% and 8%, 
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respectively, for chemozen soil were used in our study. These values were 
obtained from Jury et al. (1991). 
Physical and Hydraulic Properties. 
Soil at these two sites are mapped in the Clarion-Webster-Nicolet association 
with minor areas of Clarion-Storden-Coland and Canisteo-Okoboji-Nicolet 
association (USDA, 1975). The A horizon is typically clay loam or silty clay loam. 
The C horizon ranges from sandy loam to clay loam, but includes layers ranging 
from silty clay to loamy sand (DeWitt, 1984). 
The depth of both soil profiles (RBS and comfield) in this simulation was set 
at 2.91-m. Profiles were divided into 8 layers (Table 1). Soil bulk density, fractions 
of sand, silt and clay for the first two layers (0-0.15 and 0.15-0.30 m) of RBS and 
comfield were measured in a previous study at these sites (Reungsang, 2000). 
Texture and porosity data for the remaining layers were obtained from a profile 
description obtained during installation of well S-30 (Johnston, 1999), which was 
about 5-m from our site. 
The RBS soil was set to have macropore size of 0.01-cm and macroporosity 
of 0.056-cm^ cm'^  (Logsdon, personal communication). These unpublished values 
were derived from the mean macropore size and macroporosity for soils in the 
Clarion-Webster-Nicollet- Catena determined by using rotated core and image 
analysis (Logsdon et al., 1990; Logsdon et al., 1993). Several assumptions were 
made, including that the fraction of dead end macropore was 0.5 and that the soil 
profile had homogeneous properties (macropore size, total macroporosity, fraction 
of dead-end macropores. and fraction microporosity of total porosity) with depth. In 
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this simulation, the comfield soil was assumed to have no macropores because of 
the moldboard-plow tillage practice. 
This simulation assumed there were 2 metric tons of plant residues on the 
RBS surface at the beginning of the simulation. Wheat residue was chosen as a 
substitute for switchgrass residue, because there are only 3 residue options in the 
model (wheat, com and soybean). Wheat residue was considered to be most 
similar to switchgrass residue. 
We supplied only the soil hydraulic conductivity and field capacity content at 
1/3 bar. Soil hydraulic conductivities of 3.56-cm hr'^  and 2.92-cm hr'^  for the RBS 
soil and cornfield soil, respectively, was used as homogeneous Inputs for each 
depth of the soil profile. These values were taken from a previous study at these 
sites (Reungsang, 2000). The field capacity water content of 0.22-cm^ cm'^  was 
obtained by regression equations described by Sharpley and Williams (1990). 
Organic Matter. 
To initialize organic matter pools the model requires soil organic matter or 
microbial population data. Since we knew organic C content of the surface (0-0.15 
m) and subsurface (0.15-0.30 cm) depths of the RBS and comfield soils, we 
calculated organic matter from organic C. We assumed that the organic matter for 
the rest of the soil profile (the third layer to the eighth layer) were half of the 
previous layer. We did not have field measurements for the microbial pools; 
therefore the estimation number from the model was used. 
To allow these pools to reach a dynamic steady state the model was run 
through 10 years of Walnut Creek meteorological data and then reinitialized with the 
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values of these pools at the end of 10 year. This process was repeated for 5 times 
until the organic matter and microorganism pools stabilized. Then these steady-
state values were used throughout the simulation as the initial state for both soil 
organic matter and microbial pools. 
Table 1 showed the organic matter values for the RBS and cornfield soils 
after equilibration did not match the input (measured) organic matter values. We 
speculate that the difference was due to the quickturf submodule that we used in 
this simulation is not a detailed plant production model; it only provides inputs to the 
rest of the model that there is a crop growing. 
Simulation of Atrazine Transport. 
The focus of this simulation was on the movement of atrazine after entering 
the RBS. RBS receive runoff from adjacent cropped areas. Our simulation 
assumed that the cornfield area contributing runoff to the RBS was 30 times larger 
than (30:1) the RBS area. Since RZWQM does not simulate runoff from adjacent 
fields, we estimated the total runoff water volume leaving the cornfield by assuming 
0.125, 0.25, on 0.5-cm of runoff water from the cornfield which yielded 3.75, 7.50, 
and 15-cm of water entry the RBS, respectively. Estimated runoff volume was then 
added to the natural rainfall data in the meteorological data file. Due to the inability 
of the model to generate runoff water with long rainfall duration time, we confined 
the natural rainfall plus simulated runoff to a short 4-minute period to obtain high 
rainfall intensity. This approach allowed the model to generate the runoff leaving 
RBS. 
113 
Atrazine was loaded into the RBS using the surface broadcast application 
option in RZWQM on the same day that rainfall plus simulated runoff event occurred 
(Julian day of 189,1993). The amount of atrazine entering the RBS was assumed 
to be 1, 3, and 5% of atrazine applied to the cornfield, which yielded 0.45,1.35 and 
2.25-kg ha'^  loading rates. A 5% loss of atrazine in runoff from comfield was 
assumed to represent the worst-case pesticide loss, which might occur when runoff 
occurs soon after pesticide application (Wauchope, 1978; Leonard, 1982). Runoff 
depth of 0.5-cm from the field is a typical runoff depth from a single storm event. 
The fate of atrazine in the comfield soil was also simulated. The properties of 
atrazine used in this simulation were shown in Table 2. We assumed that there was 
residual atrazine of 10-^g L'^  in the first layer (0-15 cm depth) of cornfield soil at the 
beginning of the simulation but there was no residual atrazine in RBS soil. Atrazine 
rate was surface broadcast applied to comfield at the rate 1.5-kg ha'V 
The Quickturf submodule was used to simulate growth of switchgrass under 
our specified environmental and management practices. This model is not a 
detailed plant production model; it only provides inputs to the rest of the model that 
there is a crop (i.e., switchgrass in our study) growing (K.W. Rojas, personal 
communication). We noted that to use quickturf submodule we need to specify the 
operation date before the simulation period because the grass is a perennial 
(continuous growth) and does not require planting like an annual crop (e.g., com). 
Table 3 showed the details of management practices in the RBS and comfield. 
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RZWQM98 Window version (version 1.0.99.61) was used through out the 
study. This version is more user friendly than the DOS version and allows easy 
manipulation of input data in each window session. 
Results and Discussions 
Simulation of Atrazine Fate, Leaching and Runoff Loss. 
As atrazine load into the RBS and the runoff depth from the cornfield 
increased the atrazine mass loss in runoff leaving the RBS increased (Table 4). 
Atrazine mass in runoff leaving the RBS were in the range of 6 to 21 % of the 
amount entering the RBS. This implied that even under a worst-case scenario, the 
RBS showed the capability to reduce approximately 79 to 94 % of atrazine in the 
runoff water from the cornfield. Fawcett et al. (1995) compiled published data from 
buffer strip studies (46 data points) and found buffer strips reduced herbicide in 
runoff by an average 48% with a range of herbicide removal 9 to 91 %. Fawcett et 
al. (1995) suggested that herbicide removal could be overestimated in some studies 
because the research was done with small scale VBS. The RZWQM predicted that 
66% and 57% of atrazine was trapped in the first 0-0.15 m soil depth of the RBS 
(day 189) and comfield soils (day 107), respectively (Table 5). Organic C in the first 
0-0.15 m of both soils was much higher than the organic 0 at deeper depths (Table 
1). Soil with higher organic C can sorb atrazine more readily than low organic C 
soils. The majority of the atrazine entering the RBS was retained in the surface 15 
cm of soil. Table 5 showed representative results for one set of simulations. Model 
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predictions of atrazine mass decreased over time due to microbial degradation, 
plant uptake, volatilization, and leaching processes (Figure 3). 
The atrazine in the subsurface soil (0.05-0.15 m) showed an increasing trend 
in the RBS soil up to day 240, then began to decrease (Table 5). The increase in 
atrazine mass in subsurface soil during the period after atrazine entry into the RBS 
was due to downward movement of atrazine from the top layer of soil. The 
RZWQM predicted that most of atrazine was in the top 0-0.15 m depth (Table 5) 
with < 1-^g kg'^  of atrazine at deeper depths. These predicted concentrations were 
very low and contrast from atrazine concentrations in soils from Walnut Creek 
watershed reported by Moorman et al. (1999). They reported that average atrazine 
concentrations over the entire season for 0-7.5 cm, 7.5-15,15-30, and below 45-cm 
depth were 47,15.5, 5.5 and <1-ng kg'\ respectively. Our simulation results for the 
cornfield soil can be compared to the Walnut Creek data (Moorman et al., 1999) 
and suggest that movement of atrazine to deeper soil layers is underestimated by 
RZWQM. 
Since the model predicted that most of the atrazine was trapped in the 
surface (0-0.15 m) of RBS soil profile, with little movement to the 15-30 cm depth, it 
also predicted very low concentrations (<3•^g mL'^ ) of atrazine in seepage (Table 
6). Seepage is the water passing through the macropores and soil matrix at the 
bottom of the soil profile. These very low atrazine concentrations in seepage 
predicted by RZWQM (Table 6) appear to be less than what would be expected 
from studies on similar landscapes in Iowa. Jaynes et al. (1999) found atrazine in 
subsurface drainage water rapidly Increased after rainfall events. Moomnan et al. 
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(1999) reported 1.4% of the groundwater samples beneath the subsurface drains in 
Walnut Creek watershed contained atrazine greater than the MCL level and 30% 
contained atrazine concentrations above the 0.2-^g L'\ Predicted atrazine 
concentrations in the seepage under the RBS were many orders of magnitude 
below 1-^g L'\ This may be due to the fact that there was no residual atrazine in 
the RBS soil profile at the beginning of the simulation. Burkart et al. (1999) 
reported that the antecedent concentrations of atrazine in soil were important to 
conduct accurate short-term simulations by the Pesticide Root Zone Model (PRZM). 
Atrazine trapped in the RBS soil and cornfield soil was degraded over time 
(Figure 3). Atrazine half-life in the RBS soil and cornfield soil predicted by RZWQM 
model were calculated by the first order kinetic model; C = Coe'* '^ * Ya. where C is 
the concentration of atrazine as a function of time in days (^g kg'^ ), Co is the initial 
atrazine concentration (^g kg'^ ), k is the rate constant (day'^ ). t is time (days) and Ya 
is an asymptotic estimate of the concentration of atrazine that degrades very slowly 
over time (residual atrazine). Predicted atrazine half-lives calculated from the 
model results were 21 days and 11 days for the RBS surface soil (0-30 cm) and 
comfield surface soil (0-30 cm), respectively. These half-lives valued were slightly 
shorter than the actual half-lives (27 days for the RBS soils and 17 days for com 
soils), calculated for 0-30 cm soil depth from a previous research conducted using 
soils from these sites (Reungsang, 2000), which we used in the RZWQM input file 
(Table 3). The differences may be explained by the fact that some of the soil 
parameters In the model input files were obtained from the literature instead of the 
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measured data. Pesticide fate is strongly related to the site-specific values, 
therefore the measured parameters are needed to precisely predict pesticide fate in 
soil. 
Retention of pesticides in the RBS has been attributed to infiltration and 
sorption (Hall et al.. 1983; Arora et al. 1996; Mickelson and Baker, 1993). Previous 
studies have identified organic matter content and macroporosity as important 
factors in the infiltration and sorption processes. In addition we measured high 
sorption coefficients for plant residues in VBS (Reungsang, 2000), and suggested 
that plant residues might retain pesticides. We conducted a set of simulations 
varying these factors. Simulation results showed that by increasing macropore size 
by the factor of 10 (from macropore size of 0.01-cm to 0.1-cm) eliminated atrazine 
in runoff leaving the RBS (Table 7). This appeared to be due to the fact that the 
model routed water and atrazine through the macropores in the soil profile. 
However, measured macropore diameter in soils range between 0.05 to greater 
than 1 cm (Miller and Gardiner, 1998). We found that simulations with smaller 
macropore sizes produced more atrazine loss in runoff (Table 7). Macropore sizes 
larger than 0.01-cm increase seepage flow, but RZWQM simulations do not show a 
corresponding increase in atrazine leached (data not shown). 
Atrazine loss in runoff leaving the RBS was proportional to plant residues 
mass (Table 7), suggesting that atrazine washed off from crop residues is an 
important process. Martin et al. (1978) reported that atrazine, alachlor, cyanazine 
and propachlor were not strongly adsorbed to com residue and were washed off 
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rapidly with water. In contrast. Baker et al. (1982) found that crop residue reduced 
herbicides loss in runoff because crop residues delayed and reduced surface runoff. 
Simulation results showed that soil organic matter content was inversely 
proportional to atrazine loss in mnoff leaving the RBS (Table 7). This was due to 
the fact that soils with high organic matter content sorb pesticide to a greater extent 
than soils with low organic matter content. 
Conclusions 
The simulation results suggested that: 
1) The RZWQM predicted 79-94% of atrazine in runoff from the adjacent comfleld 
was retained in the RBS. 
2) The RZWQM predicted very low atrazine concentrations in seepage. Based on 
a comparison of our model results for atrazine applied to cornfield to the studies 
from nearby Walnut Creek, we suggested that RZWQM underpredicted leaching 
in the soil profile. Further modifications of the leaching subroutine are needed to 
correctly predicted pesticide loss in the seepage. 
3) Simulation results suggested that atrazine lost in runoff leaving the RBS were 
sensitive to macropore size and the amount of plant residues but were less 
sensitive to soil organic matter content. However, further study of the 
relationship between macroporosity and runoff losses of pesticides are needed 
to verify the model sensitivity to macropores. 
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Figure 1. Daily rainfall in Walnut Creek watershed during 1993. 
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Figure 2. Average monthly air temperature for Walnut Creek watershed, 
during 1993. 
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Figure 3. Simulated atrazine concentration in the RBS and the comfieid soil 
profiles during 1993. 
Table 1. Selected properties off the RBS soils and comffield soils. 
Soil horizons Depth Sand Silt Clay Organic Simulated Bulk 
matter* organic mattert density 
iii - % - g SOM g soil g cm 
RBS 
1 0-0.15 76 14 10 0.04069 0.02483 1.525 
2 0.15-0.30 65 25 10 0.01224 0.00700 1.525 
3 0.30-1.08 27 46 27 0.00612 0.00353 1.525 
4 1.08-1.53 18 54 28 0.00306 0.00179 1.525 
5 1.53-1.81 31 48 21 0.00153 0.00088 1.525 
6 1.81-2.01 62 25 13 0.00077 0.00045 1.525 
7 2.01-2.43 54 32 14 0.00038 0.00022 1.525 
8 2.43-2.91 52 32 16 0.00019 0.00011 1.525 
Comffield 
1 0-0.15 76 14 10 0.01224 0.01180 1.31 
2 0.15-0.30 74 16 10 0.01345 0.00769 1.65 
3 0.30-1.08 27 46 27 0.00672 0.00388 1.65 
4 1.08-1.53 18 54 28 0.00336 0.00196 1.65 
5 1.53-1.81 31 48 21 0.00168 0.00099 1.65 
6 1.81-2.01 62 25 13 0.00084 0.00051 1.65 
7 2.01-2.43 54 32 14 0.00042 0.00026 1.65 
8 2.43-2.91 52 32 16 0.00021 0.00012 1.65 
* Fraction of organic matter used as the input parameters. 
t Fraction of organic matter obtained after the organic matter equilibration by run the RZWQM through 10 years of the 
climatic data, 5 times. 
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Table 2. Atrazlne properties used in the simulation. 
Properties 
Molecular weight, g mole'^  215.7 
Vapor pressure, mm Hg 2.89 *10'^  
Water solubility, mg L'^  33 
Henry's law constant 1*10 ® 
pka 1.68 
Washoff foliar power, mm'^  0.005 
Washoff foliar fraction 100 
Washoff residue power, mm'^  0.005 
Koc* 70 (RBS soil) 
168 (comfield soil) 
Atrazine half-life, days* 27 (RBS soil) 
17 (cornfield soil) 
* Values were obtained from Reungsang (2000). 
Table 3. IManagement practices in the RBS and comfield in 1993. 
Management events RBS Comfield 
Atrazine application date 07/08/1993 04/17/1993 
Planting date 05/01/1988 05/01/1993 
Planting density, plants ha'^  3873600 65000 
Row spacing, m 0.15 0.75 
Cultivation, tillage date No till Moldboard plow 
Harvest date, Julian day Day 300 Day 280 
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Table 4. Atrazine in runoff leaving the RBS after a one-day storm event 
simulated by RZWQM*. 
Atrazine 
ioad entry 
into RBS 
Runoff 
depth 
from 
cornfield 
Runoff 
depth 
leaving 
RBS 
Atrazine loss 
In runoff 
Cone, in 
runoff 
kQ ha " cm kg ha " % ^g mL'^  
0.45 0.125 3.62 0.0286 6.35 0.0790 
0.25 7.35 0.0545 12.11 0.0741 
0.50 14.81 0.0964 21.42 0.0651 
1.35 0.125 3.62 0.0859 6.36 0.2373 
0.25 7.35 0.1635 12.11 0.2224 
0.50 14.81 0.2892 21.03 0.1953 
2.25 0.125 3.62 0.1431 6.36 0.3953 
0.25 7.35 0.2725 12.11 0.3707 
0.50 14.81 0.4814 21.40 0.3251 
 ^This simulation was perfonned with 2 metric tons of plant residue and macropore 
diameter set to 0.01-cm. 
Table 5. Simulated atrazine concentration (mg kg'^  soil) in the soil profile of the cornfield and the RBS, 
year 1993 
Soils D«pth,m D107* 0137 D167 D189* D210 D240 0 270 0 300 0 330 0 365 
Comflald 
0-0.05 1.63 0.09 0.04 0.029 0.01 1.58E-3 9.37E-5 1.84E-7 2.25E-8 2.69E-12 
0.05-0.15 2.86E-3 3.89E-4 5.84E-5 1.87E-4 1.79E-4 5.87E-5 2.77E-6 1.83E-7 1.53E-12 2.24E-18 
RBS 
0-0.05 N/A N/A N/A 2.42 1.31 0.46 0.07 2.61 E-3 1.63E-4 1.05E-6 
0.05-0.15 N/A N/A N/A 2.22E-5 4.04E-3 9.69E-3 3.22E-3 9.77E-5 2.73E-8 6.91E-13 
* This simulation was perfonned with 2 metric tons of plant residue and macropore diameter set to 0.01 cm. 
•Atrazine was applied to cornfield at the rate of 1.5-kg ha'^  on day 107. 
*Runoff depth from comfield entering the RBS was equivalent to 0.5 cm on day 189. 
*Atrazine load in runoff water from cornfield to the RBS was equivalent to 2.25-kg ha'^  on day 189. 
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Table 6. Cumulative atrazine mass and concentrations In seepage 53 days 
after entry Into the RBS. 
Atrazine Runoff Atrazine loss in seepage Seepage 
load depth volume 
kg ha " cm xlO*" mL water 
kg ha'^  ^g mL'^  cm'^  soil 
0.45 0.125 2.79 1.16 24.08 
0.25 2.73 1.13 24.08 
0.50 2.60 1.08 24.11 
1.35 0.125 8.38 3.48 24.08 
0.25 8.20 3.41 24.08 
0.50 7.81 3.24 24.11 
2.25 0.125 14.0 5.81 24.08 
0.25 13.7 5.69 24.08 
0.50 13.0 5.39 24.11 
Table 7. Macropore size, plant residue, and soil organic matter effects on 
atrazine loss in runoff leaving the RBS. 
Input parameter (%change) Atrazine loss, kg ha'^  (%changer 
Macropore size, cm 
0.001 (-90) 0.73 (+52) 
0.005 (-50) 0.63 (+30) 
0.010 (0) 0.48 (0) 
0.100 (+900) 0(-100) 
Plant residues, metric tons ha*  ^
0(-100) 0.19 (-60) 
0.5 (-75) 0.28(-42) 
2.0 (0) 0.48 (0) 
10 (+400) 0.86 (+79) 
20 (+900) 0.92 (+90) 
Organic matter content, g SOM g'^  soil 
0.004 (-90) 0.63 (+30) 
0.010 (-75) 0.58 (+21) 
0.020 (-50) 0.54 (+12) 
0.041 (0) 0.48 (0) 
* Atrazine entering the RBS was equivalent to 2.25-kg ha'\ 
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CHAPTER 6. GENERAL CONCLUSIONS 
Study on degradation and sorption of atrazine within different species of 
grass-hedges VBS (big bluestem {Andropogon geradi), switchgrass {Panicum 
virgatum L.). and eastern gamagrass {Tripsacum dactyloides L.)) was conducted. It 
was observed that over seven years eastern gamagrass appeared to be 
accumulating organic C in both the surface 15 and 15-30 cm soil depths. Soil under 
eastem gamagrass had the highest mineralization rate of atrazine and the highest 
atrazine-degrader populations compared to big bluestem and switchgrass. Atrazine 
was degraded rapidly in eastem gamagrass soil with the atrazine half-life of 10 
days. Atrazine adsorbed to thatch more readily than VBS soil. These data 
suggested that eastem gamagrass should be used preferential to big bluestem 
grass and switchgrass for establishing grass-hedges VBS and/or other types of 
VBS for trapping atrazine from runoff. Sorption of atrazine to soil and thatch 
increased the effectiveness of grass-hedges VBS in retaining atrazine which 
resulted in reducing the chance that atrazine would move to a deeper soil profile or 
surface water. 
Experiments conducted on transport and fate of atrazine within Riparian 
Buffer Strips (RBS) soils indicated preferential flow of bromide and atrazine in the 5 
and 9-year-old switchgrass RBS and their adjacent cropped areas. However, there 
was little difference in transport characteristics between these two RBS soils and 
their adjacent cropped soils. Despite the similar texture and organic C contents, 
atrazine sorption was greater in RBS soils than adjacent cropped area soils and 
total atrazine retention was greater in RBS soils. Greater sorption would lessen the 
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potential leaching of atrazine to groundwater. Degradation of atrazine was slower 
under switchgrass RBS compared to the adjacent cropped soil. The rapid 
degradation of atrazine in the corn-soybean soil adjacent to the 5-year-old RBS 
(atrazine half-life of 19 days) appeared to be due to a larger population of atrazine-
degrading microorganisms, which were also responsible for rapid mineralization of 
atrazine. These results suggested that the microbial communities in RBS 
responsible for atrazine degradation may become less effective over time, possibly 
due to receiving only intermittent exposure to atrazine. 
Simulation results of atrazine fate after entry into the RBS using the Root 
Zone Water Quality Model (RZWQM) indicated that the RBS would retain about 79-
94% of atrazine in runoff from the adjacent cornfield. The RZWQM predicted very 
low atrazine concentrations in seepage (<3 |ag L'^ ). Based on a comparison our 
model results for atrazine applied to com to measurements made in nearby Walnut 
Creek, suggests that RZWQM underpredicts leaching in the soil profile. Further 
modifications of the leaching subroutine are needed to correctly predicted pesticide 
loss in the seepage. Atrazine loss in runoff leaving the RBS was mostly sensitive to 
macropore size and plant residue load, but less sensitive to organic matter content. 
However, further study of the relationship between macroporosity and runoff losses 
of pesticides effectively are needed to verify the model sensitivity to macropores. 
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APPENDIX A. ADDITIONAL FIGURES 
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Relative pore volume (P/Po) 
Figure A.1. Bromide breakthrough curves for 5-year-old RBS soil 
a) replication 1, b) replication 2 and c) replication 3. (• » observed; line 
fitted). 
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Figure A.2. Bromide brealcthrough curves for corn-soybean soii 
a) repiication 1, b) replication 2 and c) replication 3. (• • observed; line * 
fitted). 
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Figure A.3. Bromide breakthrough curves for 9-year-old RBS soil 
a) replication 1, b) replication 2 and c) replication 3. (• « observed; line 
fitted). 
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Figure A.4. Bromide brealcthrough curvet for alfalfa pasture soil 
a) replication 1, b) replication 2 and c) replication 3. (• • obterved; line 
fitted). 
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Figure A.5. Atrazine breakthrough curves for 5-year-old RBS soil 
a) replication 1, b) replication 2 and c) replication 3. (• • observed; line s 
fitted). 
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Figure A.6. Atrazine brealtthrough curves for com-soyloean soii 
a) replication 1, b) replication 2 and c) replication 3. (• « observed; line * 
fitted). 
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Figure A.7. Atrazine brealtthrough curves for 9-year-oid RBS soil 
a) replication 1, b) replication 2 and c) replication 3. (• • observed; line * 
fitted). 
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Figure A.8. Atrazine brealcthrougli curves for alfaifa pasture soil 
a) replication 1, b) replication 2 and c) replication 3. (• • observed; line 
fitted). 
144 
APPENDIX B. ADDITIONAL TABLE 
Table A. Recovery off atrazine in leachate and soil following two leaching events. 
Vegetation Replication Atr mass in Atr mass Atr mass in Atr mass in 
leachatet retained in 1** simulated 2nd simulated 
soil columns rainfall event rainfall event 
mg 
5-yr-old switchgrass 1 8.79 1.69 0.91 0.04 
2 10.47 0.76 0.11 0.30 
3 3.65 1.59 0.63 0.58 
Mean 7.64 ± 3.55 1.35 ±0.51 0.55 ± 0.41 0.31 ± 0.27 
Com-Soybean 1 2.21 1.32 1.73 0.29 
2 8.78 1.06 0.61 0.30 
3 6.33 0.71 1.31 0.15 
Mean 5.77 ± 3.32 1.03 ±0.31 1.22 ±0.57 0.25 ± 0.08 
9-yr-old switchgrass 1 5.63 2.95 1.12 0.19 
2 13.76 1.33 0.27 0.18 
3 14.25 0.80 0.58 0.14 
Mean 11.21 ±4.84 1.69 ± 1.12 0.66 ± 0.43 0.17 ±0.03 
Alfalfa 1 6.70 1.46 1.00 0.36 
2 13.53 0.81 0.60 0.46 
3 12.55 0.51 2.10 0.94 
Mean 10.93 ± 3.69 0.93 ± 0.49 1.23 ±0.78 0.59 ± 0.31 
t Atrazine mass in leachate from leaching experiment. 
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